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ABSTRACT
SCALE-DEPENDENT PLASTICITY AND NANOINDENTATION CREEP OF
GEOLOGIC MATERIALS
Christopher A. THOM
Dr. David L. GOLDSBY
Nanoindentation is a commonly used technique in materials science that allows for the
determination of the mechanical properties (e.g. hardness, elastic modulus, and creep)
of single crystals and polycrystalline aggregates, but it has been severely underutilized
for the study of geologic materials. In this dissertation, we demonstrate the effectiveness
of nanoindentation for measuring the rheological behavior of a wide range of geologic
materials. For all materials tested, including single crystals, polycrystalline samples, and
two different natural fault surfaces, we identify an ‘indentation size effect,’ whereby the
strength of the material increases with decreasing size of the indent. We explore the im-
plications of this size effect for the scale-dependent surface roughness of faults and the
plastic deformation of asperities in Chapter 2, and extrapolate the size effect to the rela-
tively large grain size of the mantle to predict the peak strength of oceanic lithosphere in
Chapter 3. In Chapter 4, we investigate the effect of relative humidity on the room temper-
ature deformation of quartz in order to constrain the physical mechanism that gives rise
to time-dependent increases in the static friction of quartz rocks. Our results demonstrate
that there is no effect of relative humidity on the yield stress or creep behavior of quartz,
in stark contrast with observations from macroscopic friction experiments on quartz rocks
vi
that show a dramatic effect of humidity on friction. This contrast demonstrates that asper-
ity creep, the canonical explanation of the increase in static friction with time, is incorrect.
Finally, in Chapter 5, we present a detailed nanoindentation study of the hardness and
long duration creep behavior of halite. We demonstrate that creep parameters derived
from our nanoindentation tests, when properly treated, are in quantitative agreement and
can be directly compared to creep parameters derived from more traditional experimental
geometries. This dissertation demonstrates the utility of using nanoindentation to deter-
mine physical properties and rheological behavior of rocks and minerals.
vii
Contents
ACKNOWLEDGMENTS iv
ABSTRACT vi
1 Introduction 1
1.1 Dissertation Goal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Brief History and Introduction to Nanoindentation . . . . . . . . . . . . . . . 2
1.3 Dissertation Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 Scale-Dependent Roughness and Strength of Natural Fault Surfaces 6
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 Roughness Measurements Using Atomic Force Microscopy . . . . . 10
2.2.2 Hardness Measurements Using Nanoindentation . . . . . . . . . . . 11
2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.1 Nanoscale Fault Roughness . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.2 Scale-Dependent Yield Stress . . . . . . . . . . . . . . . . . . . . . . . 14
2.3.3 Complicating Factors in Nanoindentation Tests . . . . . . . . . . . . 15
2.4 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.1 Consistency of Roughness Scaling and Yield Stress . . . . . . . . . . 15
2.4.2 Consistency of Roughness Amplitude and Yield Stress . . . . . . . . 16
2.5 Implications for Scaling Roughness from the Laboratory to the Field . . . . 18
viii
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.7 Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3 Size Effects Resolve 40 Years of Work on Olivine Plasticity 24
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4 Constraining the Mechanism of Frictional Aging with Nanoindentation 38
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2.1 Experimental Apparatus and Humidity Control . . . . . . . . . . . . 41
4.2.2 Hardness Protocol and Continuous Stiffness Method . . . . . . . . . 42
4.2.3 Creep Protocol and Analysis . . . . . . . . . . . . . . . . . . . . . . . 42
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.6 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
5 Nanoindentation Studies of Plasticity and Dislocation Creep in Halite 52
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3.1 Constant Strain Rate Experiments . . . . . . . . . . . . . . . . . . . . 58
5.3.2 Constant Load and Hold Creep Experiments . . . . . . . . . . . . . . 59
5.3.3 Effect of Loading Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.3.4 Effect of Peak Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
ix
5.3.5 Very Long Hold Creep Tests . . . . . . . . . . . . . . . . . . . . . . . . 61
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6 Conclusions and Future Directions 77
6.1 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.1.1 Indentation Size Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.1.2 Nanoindentation Creep . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.1.3 The Physical Origin of Frictional Aging . . . . . . . . . . . . . . . . . 79
6.2 Implications and Future Directions . . . . . . . . . . . . . . . . . . . . . . . . 80
A Chapter 2 Supplemental Information 82
A.1 Intermittent Contact Mode Atomic Force Microscopy . . . . . . . . . . . . . 82
A.2 Nanoindentation Test Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.3 Continuous Stiffness Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.4 Converting Hardness to Yield Stress . . . . . . . . . . . . . . . . . . . . . . . 83
A.5 Power Spectral Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
A.6 Calculation of Root-Mean-Squared Surface Slope . . . . . . . . . . . . . . . . 84
Bibliography 88
INDEX 102
x
List of Figures
2.1 Corona Heights Fault Surface and Topography . . . . . . . . . . . . . . . . . 21
2.2 Power Spectral Density of Corona Heights Fault . . . . . . . . . . . . . . . . 22
2.3 Scale-Dependent Strength of Corona Heights and Yair Faults . . . . . . . . . 23
3.1 SEM Images and GND Density of Olivine Indents . . . . . . . . . . . . . . . 34
3.2 Hardness-Strain and Hardness/Modulus for Olivine Single Crystals . . . . 35
3.3 Scale-Dependent Hardness of Olivine for Spherical and Berkovich Indentation 36
3.4 Summary of All Previous LTP Olivine Flow Laws vs. Grain Size . . . . . . . 37
4.1 Humidity-Dependent Hardness of Quartz . . . . . . . . . . . . . . . . . . . . 48
4.2 Nanoindentation Creep of Quartz Crystal . . . . . . . . . . . . . . . . . . . . 49
4.3 Normalized Contact Area Growth for Nanoindentation Creep of Quartz . . 50
4.4 Nanoindentation Creep Rate of Quartz as a Function of Humidity . . . . . . 51
5.1 Load-Depth Curves for Halite . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.2 Indentation Hardness of Halite . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.3 Hardness-Strain Rate for Halite Hardness Tests . . . . . . . . . . . . . . . . . 67
5.4 One Hour Depth-Time Curve for Halite . . . . . . . . . . . . . . . . . . . . . 68
5.5 One Hour Continuous Stiffness Measurement for Halite . . . . . . . . . . . 69
5.6 Hardness-Strain Rate for One Hour Nanoindentation Creep Test . . . . . . . 70
5.7 Effect of Loading Rate on Halite Creep . . . . . . . . . . . . . . . . . . . . . . 71
5.8 Effect of Peak Load on Halite Creep . . . . . . . . . . . . . . . . . . . . . . . 72
5.9 Continuous Stiffness Measurement for Very Long Hold Creep Tests . . . . . 73
xi
5.10 Contact Stiffness vs Log Hold Time for Halite Creep . . . . . . . . . . . . . . 74
5.11 Hardness-Strain Rate for Very Long Creep Tests . . . . . . . . . . . . . . . . 75
5.12 Bower Shift for Halite Dislocation Creep . . . . . . . . . . . . . . . . . . . . . 76
A.1 Corona Heights Hurst Exponent Histogram . . . . . . . . . . . . . . . . . . . 86
A.2 Corona Heights Size Effect Exponent Histogram . . . . . . . . . . . . . . . . 87
xii
Chapter 1
Introduction
1.1 Dissertation Goal
The goal of this dissertation is to quantify the plastic deformation and creep behavior of ge-
ologic materials using nanoindentation, a technique which has been utilized for decades
in materials science (e.g. Oliver and Pharr, 1992; Nix and Gao, 1998; Lucas and Oliver,
1999; Swadener, George, and Pharr, 2002; Oliver and Pharr, 2004; Pharr, Herbert, and
Gao, 2010; Su et al., 2013; Ginder, Nix, and Pharr, 2018). Because of the high stresses
needed to cause plastic deformation of geological materials at room temperature, very
few experiments have been performed to study the low-temperature rheological behav-
ior of rocks and minerals relevant to understanding the strength of the lithosphere. The
main difficulty in deforming polycrystalline samples at large differential stresses is sup-
pressing fracturing (e.g. Druiventak et al., 2011). Microfracturing can be suppressed by
applying a large hydrostatic confining pressure, but the stresses required to deform miner-
als at low temperature are large, and therefore the level of confining pressure required to
suppress fracturing is often effectively unreachable with current technology. Nanoinden-
tation, however, offers the advantage that the sample itself acts as its own pressure vessel.
Material surrounding the deforming volume deforms elastically and effectively confines
the stressed region, suppressing fractures. Additionally, experiments can be performed at
length scales small enough that plastic flow is more favorable than fracture. The relative
1
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ease of performing nanoindentation experiments also makes it an attractive alternative for
measuring the high-stress deformation of geologic materials. While nanoindentation is not
a commonly used technique in geophysics, this dissertation will demonstrate its effective-
ness in answering important questions about the plastic deformation and creep of geologic
materials.
1.2 Brief History and Introduction to Nanoindentation
While nanoindentation did not become a widely used technique until the early 1990s
(Oliver and Pharr, 1992), dead weight microindentation methods have existed and been
used in geoscience for many decades (e.g. Brace, 1963; Hanneman and Westbrook, 1968;
Evans and Goetze, 1979; Evans, 1984). The basic premise of microindentation relies on ap-
plying a known load to a sample, then optically measuring the area of the residual indent
in an optical microscope to determine the hardness of the material post experiment. The
hardness is then simply defined as the load divided by the contact area. While microin-
dentation can be a useful technique for determining the properties of geologic materials,
particularly at elevated temperatures (e.g. Evans and Goetze, 1979), some problems exist.
Specifically, fracturing of the sample at the high loads typical of a microindentation test
can cause problems with determining the hardness, and human error in measuring the
size of an indent can result in significant systematic errors.
The invention of nanoindentation allowed for greater precision in the measurement
of material properties, including the ability to determine the elastic modulus of the sam-
ple simultaneously with its hardness (Oliver and Pharr, 1992), without having to visually
examine the residual indent. The details of this technique are discussed in greater detail
later in this thesis, but the basic principles are outlined here. In a nanoindentation exper-
iment, both the applied load and the penetration depth of the indenter into the sample
are measured. This allows one to determine the contact stiffness, and using Sneddon’s
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solution (Sneddon, 1965), to determine the true depth at which the indenter and sample
are in contact (Oliver and Pharr, 1992; Oliver and Pharr, 2004). ). Using a depth-area re-
lationship calibrated using known standards (usually fused silica), the contact area can be
determined through measurement of the load and depth. The contact area, coupled with
the known applied load, allow one to calculate the hardness of the material and also the
elastic modulus (Oliver and Pharr, 1992; Oliver and Pharr, 2004). Improvements on this
basic method have been introduced through the years. One important innovation is the
development of the "continuous stiffness method" (CSM). Using this technique, an oscilla-
tion of the indenter tip force or displacement is introduced, and the corresponding phase
lag in displacement or force, respectively, is measured. Using a dynamic model of the in-
denter system, this allows the contact stiffness to be determined at a frequency of∼100 Hz
(Li and Bhushan, 2002). The stiffness can then be used to calculate the contact area, elastic
modulus, and the hardness. This method effectively eliminates the issue of thermal drift,
which can plague hardness and creep measurements that are based on measured tip dis-
placements. Using the CSM, the stiffness and ultimately the hardness are determined over
timescales too small for thermal drift to be significant (e.g. Goldsby et al., 2004). Using
the CSM also allows one to measure depth-dependent variations in hardness and other
properties in a single indentation test. All of these techniques were utilized in this thesis
and are described in more detail below.
1.3 Dissertation Structure
Plastic deformation occurs in a variety of geologic settings, including on asperities, which
are geometrical protrusions on a fault surface that come into contact and determine its fric-
tional behavior (e.g. Dieterich and Kilgore, 1994; Boettcher, Hirth, and Evans, 2007), and
in the colder portions of the olivine-rich upper mantle in subducting oceanic slabs (e.g.
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Kohlstedt, Evans, and Mackwell, 1995; Mei et al., 2010; Idrissi et al., 2016). Nanoindenta-
tion is able to effectively simulate a single asperity contact, making it a useful analogue for
studying the deformation of fault surfaces. In Chapter 2, we quantify the scale-dependent
strength of natural fault surfaces using nanoindentation, and directly compare the results
to predictions inferred from measurements of roughness on the same faults. This com-
parison quantitatively links the geometry of faults, which exerts a fundamental control on
frictional properties, to measurable material properties. In Chapter 3, we describe nanoin-
dentation tests on olivine which reveal a scale-dependent yield strength. Microstructural
analysis that has not been included in this dissertation suggests that the deformation in
these nanoindentation tests is accommodated and limited by the same mechanisms as in
polycrystalline samples deformed at low temperature. The extrapolation of our hardness
results suggests that one may also expect a variation in the yield stress as a function of
grain size, akin to a Hall-Petch strengthening mechanism (Hall, 1951; Petch, 1953; Dieter
and Bacon, 1986). This potential variation of strength with grain size has not been previ-
ously considered for olivine. Taking this potential grain size effect into account appears to
resolve discrepancies between experiments performed over the past 40 years. Addition-
ally, extrapolation to mantle grain sizes can bring estimates of the peak strength of oceanic
lithosphere from experimental, theoretical, and geophysical field work into closer quanti-
tative agreement. Although it is not presented in this thesis, ongoing experimental work
has confirmed this hypothesis set forth in Chapter 3 (Hansen, Thom, et al., manuscript in
revision at Journal of Geophysical Research).
In addition to measuring plastic deformation, nanoindentation is also useful for mea-
suring creep of geologic materials. A major open question in studies of rock friction and
earthquake nucleation is whether the time-dependent increase in friction for two surfaces
held in quasi-stationary contact, called frictional aging, is due to an increase in the real area
of contact due to creep of asperities ("contact quantity") or due to an increase in the amount
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of chemical bonding across the frictional interface ("contact quality"). The commonly ac-
cepted hypothesis is that creep of asperities is due to an increase in contact quantity caused
by asperity creep (Dieterich and Kilgore, 1994; Marone, 1998; Scholz, 2002), but this result
has not been directly shown in experiments for rocks. Interestingly, friction experiments
in very low relative humidity conditions have demonstrated that frictional aging can be
suppressed by the elimination of water from the system (Dieterich and Conrad, 1984; Frye
and Marone, 2002), suggesting that the underlying mechanism of aging depends on wa-
ter. Experiments are presented in Chapter 4 that were designed to test the creep behavior
of quartz as a function of relative humidity at room temperature. These experiments are
a strong test of predictions made by the "contact quantity" hypothesis of frictional aging.
Our results demonstrate that the yield stress and creep behavior of quartz are independent
of humidity, and thus the widely accepted "contact quantity" hypothesis cannot explain the
suite of observations reported in the literature.
The final chapter of this dissertation, Chapter 5, directly compares the results of an ex-
tensive set of nanoindentation experiments on halite single crystals to flow laws derived
from deformation experiments on polycrystalline halite samples at elevated temperature
using more traditional deformation apparatus. Using a theoretical treatment of the data
that allows nanoindentation creep data to be compared with uniaxial and triaxial tests on
macroscopic samples (from Bower et al., 1993), we will show that our results show remark-
able quantitative agreement with extrapolations of existing flow laws (e.g. Wawersik and
Zeuch, 1986). This close quantitative agreement demonstrates that nanoindentation tests
capture the same basic microphysical deformation mechanisms as more traditional experi-
ments, justifying the use of nanoindentation as an additional and complementary method
in the study of the deformation of geological materials.
Chapter 2
Scale-Dependent Roughness and
Strength of Natural Fault Surfaces
A version of this chapter was previously published as: Thom, C.A., Brodsky, E.E., Carpick,
R.W., Pharr, G.M., Oliver, W.C., and Goldsby, D.L. (2017), Nanoscale roughness of natural
fault surfaces controlled by scale-dependent yield strength. Geophysical Research Letters 44
(18), 9299-9307. doi:10.1002/2017GL074663
Abstract
Many natural fault surfaces exhibit remarkably similar scale-dependent roughness,
which may reflect the scale-dependent yield strength of rocks. Using atomic force mi-
croscopy (AFM), we show that a sample of the Corona Heights Fault exhibits isotropic
surface roughness well-described by a power law, with a Hurst exponent of 0.75 ± 0.05 at
all wavelengths from 60 nm to 10µm. The roughness data and a recently proposed theoret-
ical framework predict that yield strength varies with length scale as λ−0.25±0.05. Nanoin-
dentation tests on the Corona Heights sample and another fault sample whose topography
was previously measured with AFM (the Yair Fault) reveal a scale-dependent yield stress
with power-law exponents of -0.12 ± 0.06 and -0.18 ± 0.08, respectively. These values are
within one to two standard deviations of the predicted value, and provide experimental
6
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evidence that fault roughness is controlled by intrinsic material properties, which produces
a characteristic surface geometry.
2.1 Introduction
Both natural and laboratory fault surfaces commonly exhibit well-defined, nominally flat,
and highly reflective surfaces along which slip was localized. However, previous work has
shown that topographic features are present at all length scales [Brown and Scholz, 1985;
Power et al., 1987; Power, Tullis, and Weeks, 1988; Power and Tullis, 1991; Schmittbuhl,
Gentier, and Roux, 1993; Lee and Bruhn, 1996; Power and Durham, 1997; Renard et al.,
2006; Sagy, Brodsky, and Axen, 2007; Candela et al., 2009; Candela et al., 2011; Brodsky
et al., 2011; Candela et al., 2012; Renard, Mair, and Gundersen, 2012; Renard, Candela, and
Bouchaud, 2013; Candela and Brodsky, 2016; Brodsky, Kirkpatrick, and Candela, 2016],
with the observed roughness varying as a function of both the measurement length and
the resolution of the measurement technique. If a rough surface is described by a fractal
geometry, for a change in lateral length scale, γ, an additional parameter called the Hurst
exponent, ζ, is required to properly scale the vertical topography with the length scale
of observation (i.e. δx → γδx or δy → γδy in lateral directions in the nominal x-y plane
of the fault and δz → γζδz in the z-direction perpendicular to the nominal plane of the
fault). Recent high-resolution data from studies of roughness that average large quantities
of digital data concluded that many fault surfaces exhibit a self-affine fractal geometry (0
< ζ < 1) over several orders of magnitude in lateral length scale ranging from microns to
meters, with values of ζ ≈ 0.6 for profiles measured parallel to the slip direction (in the x-
direction) and ζ ≈ 0.8 for profiles measured perpendicular to slip (in the y-direction) [e.g.
Candela et al., 2012; Brodsky, Kirkpatrick, and Candela, 2016]. We note that smaller values
of ζ ranging from 0.2 to 0.5 have also been reported [e.g. Tisato et al., 2012; Chen et al., 2013;
Pluymakers, Kobchenko, and Renard, 2017]. However, arguments from contact mechanics
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suggest that the Hurst exponent should typically lie in the range 0.7-1.0 to keep the surface
inherently stable at all length scales [Persson, 2014]. If the surface geometry is self-affine
(0 < ζ < 1) rather than self-similar (ζ = 1), the average aspect ratio (i.e., the ratio of height
to width) of an asperity increases with decreasing length scale [Brodsky, Kirkpatrick, and
Candela, 2016]. Remarkably, at a given length scale, there appears to be little variability
in the measured spectral power of fault roughness, despite significant differences in the
lithologies and slip histories of faults, suggesting that a common mechanism may control
the surface geometry.
Previous studies of the surface topography created by tensile fractures have made sim-
ilar observations about roughness, finding values of the Hurst exponent between 0.5 and
0.9, with values that vary with the orientation of the profile relative to the direction of
crack propagation [e.g. Bouchaud and Navéos, 1995; Bouchaud, 1997; Ponson et al., 2006;
Ponson, Bonamy, and Bouchaud, 2006]. These observations were explained by a number
of models, including percolation of damage from a crack front, the coalescence of plastic
voids, and depinning instabilities at the crack front [Hansen and Schmittbuhl, 2003; Bouch-
binder, Mathiesen, and Procaccia, 2004; Bonamy and Bouchaud, 2011]. Unfortunately,
none of these theories predicts the specific values of the Hurst exponents observed in frac-
ture experiments. Furthermore, the shear surfaces studied here are affected by the cumu-
lative shearing and wear that occurs during successive slip events and are not directly
explainable by models of the propagation of a single tensile fracture. A more likely mech-
anism to produce fault roughness is the frictional sliding that occurs along fault surfaces,
which can create and remove topographic features over a wide range of length scales.
Brodsky, Kirkpatrick, and Candela, 2016 hypothesized that the scale-dependent sur-
face roughness of faults is a manifestation of scale-dependent material strength. These
authors argue that asperities yield at a critical aspect ratio, which is related to a critical
strain that varies with length scale. If the critical strain is exceeded, then the asperity will
fail inelastically. This hypothesis is easily tested at small length scales using atomic force
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microscopy (AFM) and nanoindentation to measure surface roughness and hardness, re-
spectively, of the same fault surface.
Scale-dependent strength has been observed for many engineering materials and for
brittle failure of rocks [e.g. Bandis, Lumsden, and Barton, 1981; Andreev, 1995; Uchic et al.,
2004; Greer, Oliver, and Nix, 2005; Pharr, Herbert, and Gao, 2010], but has been much
less studied at small scales in geologic materials where plastic deformation may dominate
[Candela and Brodsky, 2016]. In the brittle regime, scale-dependent strength is often at-
tributed to the statistical distribution of flaws, with an increasing likelihood of intersecting
a flaw with increasing size of the deforming volume [Paterson and Wong, 2005]. Engineer-
ing studies show that at smaller scales, dislocation-based mechanisms may lead to scale-
dependent plastic strength. The indentation size effect, in which the measured indentation
hardness of a material increases with decreasing indentation size, is a well-known exam-
ple [e.g. Bull, Page, and Yoffe, 1989; Nix and Gao, 1998; Swadener, George, and Pharr,
2002; Durst, Backes, and Göken, 2005; Pharr, Herbert, and Gao, 2010]. This effect is often
attributed to strain gradients that develop in the vicinity of the indenter tip, with highly de-
formed material in close proximity to undeformed, comparably less-stressed regions [Nix
and Gao, 1998]. Smaller indents are thought to result in a higher density of dislocations
under the indenter tip, which are known as geometrically necessary dislocations [Nye,
1953], compared to the background dislocation density. This increased density causes
interactions between dislocations that leads to a strengthening effect and an increase in
the measured indentation hardness, which is proportional to yield stress. In polycrys-
talline materials, the Hall-Petch effect is another size-dependent strength phenomenon
whereby the yield strength increases with decreasing grain size [Hall, 1951; Petch, 1953;
Dieter and Bacon, 1986]. Some authors have recently argued that the indentation size ef-
fect and Hall-Petch strengthening are different manifestations of a general size-strength
effect [Li, Bushby, and Dunstan, 2016]. These studies demonstrate that a variety of mecha-
nisms make scale-dependent strength an expected, but insufficiently quantified, feature of
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rock deformation.
Here, we investigate the potential link between scale-dependent plastic strength and
fault roughness at nanometer length scales, using AFM to measure small-scale roughness
and nanoindentation to measure indentation size effects for natural fault surfaces. In Sec-
tion 2.3, we demonstrate that the Corona Heights Fault exhibits a characteristic roughness
well-described by a power law at nanometer to micron length scales. This power-law
scaling of roughness, coupled with Brodsky, Kirkpatrick, and Candela, 2016’s hypothesis
described above, predicts a specific value of the exponent in a power-law relationship be-
tween yield strength and length scale. We next show that the yield strength of two natural
fault surfaces is scale-dependent, with values of the power-law exponent that fall within
one to two standard deviations of the predicted value based on fault roughness measure-
ments. We present an interpretation of our results in Section 2.4 before exploring the impli-
cations of scale-dependent roughness and yield strength for natural and laboratory faults
in Section 2.5.
2.2 Methods
2.2.1 Roughness Measurements Using Atomic Force Microscopy
The topography of a small area (∼1 cm2) of the Corona Heights Fault was measured in a
Bruker Icon AFM operating in intermittent contact mode [see Appendix A] with a maxi-
mum scan length of 10 µm. Figure 2.1 shows a photograph of the fault exposure, a hand
sample collected at the site, and an example of the topographic data collected via AFM.
The power spectral density, a measure of the amplitude of the roughness contributed at
each wavelength, can be calculated via a number of methods, each with its own degree of
bias [Schmittbuhl, Schmitt, and Scholz, 1995; Schmittbuhl, Vilotte, and Roux, 1995; Can-
dela et al., 2009; Jacobs, Junge, and Pastewka, 2017]. We determined the power spectral
density of 2-D profiles by calculating the Fourier transform of the autocorrelation function
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and normalizing by the profile length, consistent with the work of several previous authors
[see Appendix A; Candela et al., 2009; Candela et al., 2011; Renard, Mair, and Gundersen,
2012; Renard, Candela, and Bouchaud, 2013; Brodsky, Kirkpatrick, and Candela, 2016]
2.2.2 Hardness Measurements Using Nanoindentation
Two fault surfaces, the Corona Heights Fault and the Yair Fault, were indented in a man-
ner designed to reveal indentation size effects. Initial tests on the Corona Heights Fault
showed scatter in the indentation data due to the significant roughness of the sample. To
minimize roughness effects on the hardness measurements, the surface was lightly pol-
ished with 5 micron grit on a wet felt polishing wheel to create a smoother, more uniform
topography, which resulted in cleaner, less scattered data. The Yair Fault, a dolomitic
‘mirror’ surface whose roughness was previously characterized by AFM [Siman-Tov et al.,
2013], was not polished or otherwise altered prior to the indentation tests. The Yair Fault
sample also exhibits multiscale roughness over several orders of magnitude in length scale,
quantitatively similar to that measured for Corona Heights in this paper (see below), de-
spite a significant difference in mineralogy (carbonate for Yair and silica-rich for Corona
Heights). That the topography is similar for the vastly different mineralogies of the two
faults suggests that some common process(es) controls the surface roughness.
Nanoindentation tests were conducted in an iMicro Nanoindenter (Nanomechanics,
Inc.) using the continuous stiffness method to determine the hardness and elastic mod-
ulus of the two fault surfaces as functions of indentation depth [see Appendix A; Oliver
and Pharr, 1992; Li and Bhushan, 2002; Oliver and Pharr, 2004]. Experiments were per-
formed with a diamond Berkovich tip indenting at a nominally constant strain rate (i.e., at
a constant ratio of P˙ /P , where P is the normal load on the indenter tip and P˙ is its time
derivative) of 0.2 s−1. To convert hardness to yield stress, we calculated the constraint fac-
tor for a sharp tip geometry such as the Berkovich [see Appendix A; Johnson, 1970; Evans
and Goetze, 1979].
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2.3 Results
2.3.1 Nanoscale Fault Roughness
Power spectral density curves from all roughness measurements are plotted in Figure 2.2,
with profiles measured parallel to the direction of slip, as indicated by slickenlines on
the fault surface, shown in purple, and profiles measured perpendicular to slip shown in
green. All spectra, both those scanned parallel to and perpendicular to the slip direction
(i.e., in the x- and y-directions), display limited variability of power spectral density, indi-
cating that the surface is isotropic at these small scales. Because of the isotropic nature and
limited variability of the roughness data, all spectra shown in Figure 2.2 were averaged
together, with the average shown by the thick black curve.
We observe a linear relationship between power spectral density and wavelength, λ,
on log-log axes, which can therefore be fit with a power law. In order to facilitate compar-
ison with previous studies, we cast the exponent of that power law in terms of the Hurst
exponent, ζ, which can be directly calculated from the slope of the line, α, by
ζ =
(α− 1)
2
(2.1)
Note that because of the limited scale-range of this study, we make no specific claims about
self-affinity, but merely utilize the previously-established power-law functional form to
have a mathematical basis for comparison between roughness, hardness, and the results
of previous work. Figure 2.2 also shows a best-fit line (in blue) to the averaged data with
α = 2.5 ± 0.1, where the error bars represent one standard deviation. This gives a value
of ζ = 0.75 ± 0.05, in agreement with the value of 0.8 observed perpendicular to slip at
larger length scales (up to several meters) on several other faults [Candela et al., 2012].
Figure A.1 shows a histogram of the Hurst exponents derived from fitting a power law to
each individual spectrum shown in Figure 2.2, and is in agreement with the average value
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reported above. Here, the roughness can be well-described by a single power law down
to a wavelength of 60 nm, with no discernible small-scale cutoff or change in slope. This
clear, unchanging power-law trend differs from the trend presented in Siman-Tov et al.,
2013 on the Yair Fault, which showed a continuously varying value of the Hurst exponent.
However, much of the observed change in the roughness scaling in Siman-Tov et al., 2013 is
at small wavelengths (< 50-100 nm). At these length scales, it has been recently shown that
artifacts caused by the finite size of the AFM tip can become significant [Jacobs, Junge, and
Pastewka, 2017]. At larger length scales, a single Hurst exponent appears to adequately
describe the roughness of the Yair Fault, in agreement with our observations for the Corona
Heights Fault.
When 0 < ζ < 1, the aspect ratio of asperities on the fault surface increases with decreas-
ing wavelength. The average asperity height, h, changes with its wavelength, λ, according
to
h ∝ λζ (2.2)
so that the aspect ratio, h/λ, changes as
h
λ
∝ λζ−1 (2.3)
The ratio hλ is essentially equivalent to the RMS slope of the surface [Hyun et al., 2004;
Pei et al., 2005]. Larger wavelength asperities have smaller aspect ratios according to our
measured value of the Hurst exponent (0.75 +/- 0.05) for length scales from 60 nm to 10
µm, consistent with observations at larger scales. If this characteristic roughness is con-
trolled by an inherent scale-dependent material strength, we might expect to observe an
indentation size effect with a similar scaling relationship. This expectation derives from
the hypothesis that the aspect ratio of an asperity reflects the critical strain at failure,
which is proportional to the yield stress [Brodsky, Kirkpatrick, and Candela, 2016]. The
indentation size effect describes how indentation hardness, which is proportional to yield
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stress, changes with the size of the indent. Since we observe a value of ζ = 0.75 ± 0.05
for Corona Heights, we thus predict that its yield stress would scale with length scale as
λ−0.25±0.05. For the Yair Fault, Siman-Tov et al., 2013 found a surface topography similar
to that for Corona Heights over the same range of length scales, suggesting that a similar
scale-dependent yield stress may exist for the Yair Fault, but these authors did not report
a fit to their roughness data. Using Siman-Tov et al., 2013’s data for length scales of 60
nm to 10 µm (and thus avoiding instrumental artifacts as we have done in this study), we
estimate that ζ = 0.7 ± 0.1, consistent with our Corona Heights data.
2.3.2 Scale-Dependent Yield Stress
f Residual indents were examined in an optical microscope and a scanning electron micro-
scope to assess the degree of fracturing associated with the indents. No cracks associated
with the indents were observed via either observation method, suggesting that the inden-
tation strain was accommodated primarily via plastic deformation.
Figure 2.3 shows yield stress data for 35 indentation tests on the Corona Heights Fault
and 7 tests on the Yair Fault. For Corona Heights, data from 4 individual tests are high-
lighted in color as examples, with data from the remaining tests shown in grey. Each test
on the Yair fault is represented by a different color in Figure 2.3. Yield stress decreases
with increasing indentation depth, in agreement with the prediction from the relationship
between roughness and length scale, and with observations of indentation size effects in
other materials [Pharr, Herbert, and Gao, 2010].
Data from individual tests were each fit to determine the value of the exponent in a
power-law relationship between length scale and yield stress. For the Corona Heights
Fault, we observe a power-law decay of yield strength with indentation depth with an
average exponent of -0.12 ± 0.06. For the Yair Fault, we observe an exponent of -0.18
± 0.08. For both values, the error bars represent one standard deviation. In Figure 2.3,
solid-colored lines are fit to the yield stress vs. depth data to reveal the scale-dependence.
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A histogram to demonstrate the variability of the derived power-law exponents for the
Corona Heights Fault is shown in Figure A.2.
2.3.3 Complicating Factors in Nanoindentation Tests
Small-scale roughness and tilt of the sample surface are known to cause experimental ar-
tifacts during nanoindentation and in extreme cases lead to asymmetric indents [Kashani
and Madhavan, 2011]. All data associated with visibly asymmetric indents due to local
tilt of the sample surface were discarded. Although we attempted to minimize the effects
of surface roughness by lightly polishing the Corona Heights sample, the surface still re-
tained significant small-scale roughness after polishing, as evidenced by the non-reflective
nature of the surface. These small-scale variations in surface topography likely contribute
to the remaining scatter observed in the data.
In addition to roughness, the heterogeneous mineralogy and microstructure of the
Corona Heights Fault surface likely contributes to the overall variability observed in the
nanoindentation tests. The 0.5 to 3 mm thick translucent layer on the fault surface is com-
posed of quartz, other silica phases, and iron oxide [Kirkpatrick et al., 2013]. Heterogeneity
on length scales of order the size of the indents is present, and may lead to variations in
hardness. Similar heterogeneity in the Yair Fault likely exists at these scales, although no
detailed microstructural analyses have been made.
2.4 Interpretation
2.4.1 Consistency of Roughness Scaling and Yield Stress
Our results for the Corona Heights Fault suggest that fault roughness may be controlled by
scale-dependent plastic yield strength, as proposed by Brodsky, Kirkpatrick, and Candela,
2016. The predicted scaling relationship derived from the roughness of a natural fault
suggests that yield strength should decrease with length scale as a power-law with an
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exponent of 0.25 ± 0.05. The nanoindentation data for Corona Heights reveal a value of
the power-law exponent within approximately two standard deviations of the predicted
value. Nanoindentation data for the Yair Fault show significantly less scatter compared to
Corona Heights, with a value of the power-law exponent within one standard deviation of
the predicted value.
2.4.2 Consistency of Roughness Amplitude and Yield Stress
Nearly all natural and engineered surfaces are rough over some range of length scales. The
friction force between two surfaces is directly proportional to their real area of contact,
highlighting the first-order control of surface roughness on friction [Bowden and Tabor,
1954]. Because the real area of contact is a small fraction of the nominal area of contact,
stresses acting on asperities in contact are usually inferred to be large enough to induce
plastic deformation. If a characteristic roughness has been obtained, the distribution of
contact pressures acting on asperities should reflect the variability of the size and yield
strength of asperities.
Elastic contact theories developed for rough surfaces over the past several decades pro-
vide constraints on the contact pressure on asperities [Greenwood and Williamson, 1966;
Bush, Gibson, and Thomas, 1975; Persson, 2001]. Collectively, the contact theory of Persson
[Persson, 2001; Persson, 2006; Persson, 2014] and the extensive numerical simulations of
Hyun et al., 2004 and Pei et al., 2005 provide the most comprehensive model, as they incor-
porate roughness at all possible wavelengths within adjustable upper and lower bounds
by using the power spectral density to determine a critical parameter, <dh/dx>, the RMS
slope of a self-affine surface. Since a power law fits the data here to scales as small as 60 nm
with a very similar value of the exponent to that observed in previous work, we utilize a
self-affine model to help interpret the data. In this model, the mean elastic contact pressure
on all asperities, Pm, is given by
Pm =
E′ · dhdx
κ
(2.4)
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where E’ is the reduced Young’s modulus of the material (equal to E / (1-ν2)), where E is the
Young’s modulus and ν is Poisson’s ratio), <dh/dx> is the RMS slope, and κ is a constant.
The exact value of κ varies only slightly with Poisson’s ratio and the Hurst exponent Hyun
et al., 2004. We adopt a value of κ = 2.2, which Hyun et al., 2004 suggest is within 10%
error for all surface geometries tested in their finite element simulations of contact between
rough surfaces.
For the Corona Heights sample, we use the value of Young’s modulus determined by
nanoindentation (93 ± 3 GPa) and the calculated value of the RMS slope from the AFM
data (0.26) at wavelengths of 60 nm to 10 µm [see Appendix A] to show that the average
contact pressure on asperities is 11.0 ± 0.3 GPa. Error bars here represent one standard
deviation and reflect the uncertainty in Young’s modulus. This value is slightly larger than
the yield stress of the Corona Heights Fault determined at indentation depths of 200-300
nm, suggesting that asperities are supporting stresses greater than or near their yield stress.
The yield stress may continue to increase at smaller scales (< 200 nm), but we do not have
nanoindentation data at these scales due to experimental limitations. Our data suggest that
both the yield stress calculated from nanoindentation and the mean pressure calculated
from contact mechanics for the Corona Heights Fault at these scales are approximately
10% of the Young’s modulus, i.e., near the ideal strength.
It is important to note that only roughness data from wavelengths of 60 nm to 10 µm
were included in the above calculation of RMS slope in order that this range of length
scales would be directly comparable to the range of indentation depths studied, neglect-
ing several orders of magnitude of roughness at larger scales. However, for surface rough-
ness with a Hurst exponent less than 1, the roughness at the smallest length scale is the
determining factor for the mean pressure, as it directly depends on the RMS slope, which
increases at progressively smaller length scales [Hyun et al., 2004; Pei et al., 2005; Jacobs,
Junge, and Pastewka, 2017]. Thus, neglecting large-scale roughness will not change the
estimated mean pressure significantly. A more important detail, the lack of an observed
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small-scale cutoff in the power-law scaling, has a greater impact on the RMS slope and
mean pressure. Atomic force microscopy cannot resolve all roughness details, so rough-
ness may exist at length scales smaller than our resolution of 60 nm. Therefore, our calcu-
lations may slightly underestimate the average contact pressure on asperities. We cannot
obtain reliable AFM data at smaller length scales.
2.5 Implications for Scaling Roughness from the Laboratory to
the Field
This study has shown that nanoscale surface roughness and plastic yield strength have
compatible length scale-dependencies within one to two standard deviations. Our data
support the assertion that a natural fault surface evolves to a steady-state roughness that
is controlled by its intrinsic material strength. This framework has at least two important
geological implications: (1) Fault roughness is expected to have limited variability over a
wide range of pressure and temperature conditions in the Earth’s crust. Earthquake dy-
namics models can benefit from the predictable nature of roughness derived from bulk
material properties. (2) The scale-dependent strength of rocks can be inferred from a rel-
atively straightforward measurement, the roughness of faults. This implication extends
beyond geology and may have applications in other fields such as materials science and
tribology. Shearing experiments may present a new way to examine the scale-dependent
plastic strength of materials.
An important caveat is that in this study we focused only on nanoscale surface rough-
ness and plastic deformation at small, micron to sub-micron scales because these are the
scales for which roughness and yield strength data can be easily obtained. A similar scaling
relationship between roughness and length scale exists at larger scales on natural faults,
but the underlying mechanism by which it occurs has not been determined. Due to the
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necessarily restricted size of most laboratory samples, a large wavelength cutoff of rough-
ness is imposed by either machining and/or polishing, or by the physical dimensions of
the sample. Mechanisms that result in this larger-scale roughness may not be revealed in
laboratory tests, even though they may play an important role in earthquake nucleation
and rupture behavior. Identification of mechanisms that cause roughness at these larger
length scales is an important area of future research.
2.6 Conclusion
We have examined a sample of the Corona Heights Fault and shown that it exhibits isotropic
surface roughness that is well-described by a power law, with a Hurst exponent of 0.75 ±
0.05, at length scales ranging from 60 nm to 10 µm. With the inclusion of data from this
study, the Corona Heights Fault has now been shown to display consistent roughness scal-
ing in the slip-perpendicular direction over nearly 9 orders of magnitude in lateral length
scale [Candela et al., 2012; Candela and Brodsky, 2016], suggesting that some process(es)
controls the observed roughness [Brodsky, Kirkpatrick, and Candela, 2016]. Nanoinden-
tation tests performed on two natural faults, the Corona Heights and Yair Faults, reveal a
scale-dependent yield strength, with yield strength increasing with decreasing size of the
indents. The magnitude of this size effect for the Corona Heights Fault is described by a
power-law between yield strength and length scale, with an exponent of -0.12 ± 0.06. For
the Yair Fault, this size effect is described with an exponent of -0.18± 0.08. The magnitude
of the size effect for the Corona Heights Fault, as reflected in the value of the power-law ex-
ponent, is within two standard deviations of the value of -0.25 ± 0.05 predicted from fault
roughness, suggesting that roughness may be the result of scale-dependent yield strength.
The data for the Yair Fault are in even better agreement, with the value of the power-law
exponent for the size effect falling within one standard deviation of the value predicted
from roughness.
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Because scale-dependent yield strength is an inherent material property, a characteris-
tic roughness results after some wearing-in of the fault surface. This characteristic rough-
ness sets the size distribution and spatial correlation of asperities on fault surfaces, which
ultimately controls frictional behavior and the nucleation of unstable slip. While we have
focused on scale-dependent plastic yield strength, a similar mechanism may occur for
brittle deformation at length scales larger than those investigated in this study, leading
to grooving and the slip-orientation-dependent self-affine geometry measured on many
faults. In addition, it should be noted that the nanoindentation experiments discussed
here were conducted without shear loading, which may influence the yielding of asperi-
ties on faults loaded in shear. Failure during slip or interseismic loading may thus deviate
from the deformation observed here during indentation. Despite these caveats, however,
our results clearly demonstrate that scale-dependent strength exists for two natural fault
surfaces, and suggest that future studies of fault friction may benefit from considering the
effects of scale-dependent material strength.
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FIGURE 2.1: Photographs of (a) the exposure of the Corona Heights Fault
in San Francisco, CA and (b) a hand sample collected from the fault. (c)
Topography of a 5 by 5 micron portion of the surface collected via atomic
force microscopy. Note that (c) has been greatly vertically exaggerated.
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FIGURE 2.2: Power spectral density as a function of wavelength for slip-
parallel and slip-perpendicular profiles, shown in purple and green, respec-
tively, for the Corona Heights sample. The thick black line is an average of
all data. The solid blue line is a linear fit to the averaged data with a slope
of 2.5 ± 0.1. Constant asperity aspect ratios of 1% and 10% are represented
by the dotted and solid red lines, respectively. The average power spectral
density curve cuts across lines of constant aspect ratio, with larger aspect
ratios occurring at smaller wavelengths.
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FIGURE 2.3: Yield stress as a function of indentation depth for (a) Corona
Heights and (b) Yair Faults. In each diagram, the yield stress data, de-
rived from the hardnesses determined from the continuous stiffness mea-
surements, are presented as discrete data points, which appear as contin-
uous traces due to the high density of data points. For Corona Heights,
four tests are highlighted in color and the others are in grey. Solid-colored
straight lines show the best fit to the corresponding data plotted in the same
color in both (a) and (b).
Chapter 3
Size Effects Resolve 40 Years of Work
on Olivine Plasticity
A version of this appendix was previously published as: Kumamoto, K., Thom, C.A., Wal-
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(2017), Size effects resolve discrepancies in 40 years of work on olivine plasticity. Science
Advances 3, e1701338. doi:10.1126/sciadv.1701338
Abstract
The strength of olivine at low temperatures and high stresses in Earth’s lithospheric
mantle exerts a critical control on many geodynamic processes, including lithospheric flex-
ure and the formation of plate boundaries. Unfortunately, laboratory-derived values of the
strength of olivine at lithospheric conditions are highly variable and greatly disagree with
those inferred from geophysical observations. Here we demonstrate via nanoindentation
that the strength of olivine depends on the length-scale of deformation, with experiments
on smaller volumes of material exhibiting larger yield stresses. This “size effect” resolves
discrepancies among previous measurements of olivine strength using other techniques.
It also corroborates the most recent flow law for olivine, which proposes a much weaker
lithospheric mantle than previously estimated, thus bringing experimental measurements
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into closer alignment with geophysical constraints. Further implications include an in-
creased difficulty of activating plasticity in cold, fine-grained shear zones, and an im-
pact on the evolution of fault surface roughness due to the size-dependent deformation
of nanometer- to micrometer-sized asperities.
3.1 Introduction
The strength of the lithospheric mantle, the relatively cold and rigid outer layer of the man-
tle, during deformation by low-temperature plasticity controls a range of geological phe-
nomena, as the mantle comprises up to∼95% of tectonic plates. For instance, lithospheric-
scale strain localization, a necessity for the formation and longevity of plate boundaries,
is primarily accommodated by plastic deformation of olivine [Thielmann and Kaus, 2012],
the dominant mineral of the upper mantle. Low-temperature plasticity of olivine is also
critical in lithospheric flexure beneath volcanic islands [Zhong and Watts, 2013] and at sub-
duction zones [Buffett and Becker, 2012], the evolution of friction on seismogenic faults
[Boettcher, Hirth, and Evans, 2007], and subcritical crack growth in the mantle [Rice and
Beltz, 1994].
Experimentally-derived equations that describe olivine plasticity are extremely vari-
able in the stresses they predict when extrapolated to geological conditions, especially at
low temperatures. Estimates of olivine strength at room temperature, for example, vary be-
tween 2 and 6 GPa (Evans and Goetze, 1979; Meade and Jeanloz, 1990; Raterron et al., 2004;
Kawazoe et al., 2009; Mei et al., 2010; Druiventak et al., 2011; Faul et al., 2011; Long et al.,
2011; Demouchy et al., 2013; Demouchy et al., 2014; Kranjc et al., 2016; Idrissi et al., 2016;
Proietti et al., 2016), corresponding to variations in strain rate of >10 orders of magnitude.
This disagreement is generally attributed to the difficulty in making these measurements
at the high stresses required for practical laboratory strain rates (typically ∼ 10−5s−1) to
be achieved. Most minerals are brittle if deformed at these stresses, so fracture is often
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suppressed by increasing the confining pressure. The technical challenges associated with
apparatuses for high-pressure experiments, however, result in less reliable measurements
of load and displacement than in unconfined experiments.
Furthermore, laboratory predictions of olivine strength at low temperature are in con-
flict with estimates of the strength of the lithosphere from geodynamic simulations and
geophysical observations. For example, convection simulations that incorporate plastic
yield only exhibit behavior similar to plate tectonics if the yield stress is ∼200 MPa (Tack-
ley, 2000a; Tackley, 2000b; Tackley, 2000c). Similarly, observations of lithospheric flexure
around Hawaii can only be reasonably modelled if the maximum stress supported by the
upper mantle is ∼200 MPa (Zhong and Watts, 2013). In contrast, predictions of the max-
imum strength of the lithosphere from most previous laboratory studies are on the order
of 1 GPa (Evans and Goetze, 1979; Raterron et al., 2004; Mei et al., 2010).
To improve upon previous experimental work, we examined low-temperature plastic-
ity in olivine using nanoindentation, a technique that generates a confining pressure in the
sample, allowing plastic behavior to be accessed even at room temperature. Yield stress
can be calculated from indentation experiments through its relation to hardness (the ratio
of applied load to the projected area of the indent) (Tabor, 1970). Early work on olivine by
Evans and Goetze, 1979 used a 4-sided pyramidal (Vickers) indenter in a dead-weight mi-
croindentation system and measured the size of the residual indent to calculate hardness
and yield stress. A more recent approach by Kranjc et al., 2016 used nanoindentation and
a 3-sided pyramidal (Berkovich) indenter tip, which relies on a calibrated area function
to determine the mechanical properties of the indented material. Due to the sharpness of
the indenter tips in these types of experiments, materials yield plastically almost immedi-
ately upon application of load with little preceding elastic deformation, and the stress state
beneath the tip is very complex. Therefore, while we performed some Berkovich indents
to directly compare with previous olivine indentation studies (Evans and Goetze, 1979;
Kranjc et al., 2016), we predominantly used spherical indenter tips to examine the plastic
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behavior of olivine.
Spherical nanoindentation has several significant benefits over previously used meth-
ods. First, the elastic-plastic transition is well-defined, especially for hard materials like
olivine. Second, the contact between a sphere and a flat surface is described by simple an-
alytical solutions for the elastic stress state beneath the sphere (Johnson, 1985). The stress
at the elastic-plastic transition (the yield stress) can therefore be easily determined with-
out relying on instrument calibrations. Finally, hardness can be calculated as a function of
strain for the entire test, revealing mechanical behavior comparable to that seen in stress-
strain curves for large-scale tests (Pathak and Kalidindi, 2015).
3.2 Results
We performed over 800 room-temperature nanoindentation experiments on both single-
crystal (Fig. 3.1) and polycrystalline olivine. Experiments in which the indenter/sample
contact is not entirely elastic leave residual indents, evident in both electron micrographs
(Fig. 3.1) and mechanical data. Geometrically necessary dislocation (GND) densities, mea-
sured by high angular-resolution electron backscatter diffraction (Wallis et al., 2016), are
present around the residual indents (Fig. 3.1), demonstrating the activation of plastic de-
formation mechanisms. Cracks are also present around the indents (Fig. 3.1), but section-
ing by focused ion beam suggests that they form during unloading and therefore do not
affect the yielding behavior observed in the mechanical data.
Large "pop-in" events are sometimes present in indentation tests on single crystals and
can be recognized as an abrupt increase in displacement followed by a large stress drop.
These pop-in events occur at the elastic-plastic transition as revealed in hardness-strain
curves from spherical indentation tests (Fig. 3.2), but the hardness at which the pop-in
occurs is stochastic (Fig. 3.3). The observed range of hardness values at pop-in is wider for
spherical indenter tips with smaller radii, and much larger hardnesses can be reached prior
Chapter 3. Size Effects Resolve 40 Years of Work on Olivine Plasticity 28
to the pop-in with these tips. Notably, pop-ins are not present in tests on polycrystalline
samples of olivine that have been previously deformed at high temperature (Fig. 3.2).
However, the hardness after yield in the polycrystalline samples is remarkably consistent
with that seen after pop-ins in single crystals.
Projection of the plastic portion of the hardness-strain curve back to the elastic portion
gives an estimate of the hardness at yield (Fig. 3.2). In 150 tests performed using an
indenter tip 3 µm radius across 25 crystal orientations, the average yield hardness is 12.5
± 1.1 GPa. Although olivine is anisotropic at high temperature (Durham, Goetze, and
Blake, 1977; Bai, Mackwell, and Kohlstedt, 1991), the yield hardness at room temperature
depends very little on crystal orientation, varying less than 8% among orientations for the
10 single-crystal orientations tested (Fig. 3.2). This lack of anisotropy may be due in part to
the nature of spherical indentation, as evidenced by our observation of reduced anisotropy
associated with the elastic (Young’s) modulus. The degree of elastic anisotropy measured
here (variation of ∼30%) is reduced relative to that measured by other methods (variation
of ∼45%) (Abramson et al., 1997), due to out-of-plane forces inherent to the geometry of a
spherical indentation test (Fig. 3.2).
A major observation in our data set is that yield hardness varies as a function of in-
denter size. Tests with smaller indenters exhibit larger hardness values (Fig. 3.3), a phe-
nomenon commonly referred to as a “size effect” in the materials science literature (Swadener,
George, and Pharr, 2002; Pharr, Herbert, and Gao, 2010). Measuring the magnitude of this
size effect in hardness is critical for understanding how length-scales of deformation can
modify lithospheric strength and for properly scaling laboratory results to geological con-
ditions. The size effect measured by spherical indentation can be characterized by a power
law with an exponent of -0.12, i.e., yield hardness is proportional to a -0.12 where a is con-
tact radius (Fig. 3.3). The maximum hardness at pop-in is also a function of contact radius
(Fig. 3.3), defined by a power law with a length-scale exponent of -0.47. These two power
laws define an envelope bounding the size effects in the dataset (Fig. 3.3).
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The magnitude of the size effect observed by spherical indentation is similar to that
observed by Berkovich indentation (Fig. 3.3). In the latter, the indented material yields al-
most immediately upon loading, and hardness decreases while the effective contact radius
increases over the course of the test. Changes in hardness during the loading portion of the
tests give a size-effect exponent of -0.08. Hardness values obtained from unloading curves
in multiple tests have a similar dependence on contact radius with an exponent of -0.07.
This similarity in size effects observed in spherical indentation and Berkovich indentation
is especially striking considering these are two very different types of experiment with dif-
ferent data processing methods. The size effect observed in olivine is broadly similar to
those reported in industrial ceramics (Chromik et al., 2003).
3.3 Discussion
Overall, we observe two different size effects in our data: 1) variations in the presence and
maximum hardness of pop-ins (Fig. 3.2 and 3.3), and 2) variations in hardness at yield (Fig.
3.3), both as functions of the size of the indenter contact (contact radius). The presence of
pop-ins in relatively pristine single crystals, and the associated lack of pop-ins in samples
with grain boundaries and dislocation substructures, is consistent with observations in
metals and ceramics, where pop-ins are interpreted as bursts of dislocation nucleation
and motion (Shim et al., 2008). The pre-deformed polycrystalline sample has abundant
dislocation sources, therefore grains in this sample yield at a stress consistent with the
activation of those sources. The single crystals used here, however, have a lower initial
density of dislocation sources. Therefore, some indents must proceed to greater depths
and larger average stresses in order for the stressed region to be large enough to activate
enough dislocation sources. These effects can be mitigated by using a larger indenter,
which dramatically reduces the maximum pop-in hardness relative to the yield hardness
(Fig. 3.3).
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In the second size effect, the yield hardness is directly related to the volume of the plas-
tically deformed region, even when abundant dislocation sources are present. The size
effects observed in both spherical and Berkovich indentation tests on olivine are of the
same order as those seen in indentation tests on ceramics (Bull, Page, and Yoffe, 1989).
This “smaller is stronger” phenomenon has been previously explained as a result of the
role of strain gradients and associated GNDs in modifying plastic behavior (Nix and Gao,
1998; Durst, Backes, and Göken, 2005). For the same total strain, smaller indenters create a
smaller deformed region in which to store GNDs. Thus, the GND density in the plastically
deforming region is likely higher for smaller indents, increasing the hardness of the mate-
rial by limiting dislocation motion through both short-range and long-range interactions.
The Hall-Petch effect, in which a material with a very small grain size exhibits higher flow
strength than one with a larger grain size, is thought to arise from the same source (Li,
Bushby, and Dunstan, 2016; Dunstan and Bushby, 2014): in smaller grains, higher strain
gradients form for the same strain, and dislocations associated with these strain gradients
interfere with further dislocation motion and deformation. Thus, when low-temperature
plasticity is the dominant deformation mechanism, the strength of polycrystalline olivine
should also increase with decreasing grain size, likely following a power law similar to
that observed in indentation tests.
Size effects have not been considered in previous studies of low-temperature plastic-
ity in olivine. However, most previous experiments were likely affected by size effects
since they were either 1) conducted using indentation techniques with inherently small re-
gions of plastic deformation or 2) conducted on polycrystalline aggregates with small grain
sizes. Therefore, we suggest that size effects constitute the major source of disagreement
among published results. We compare our measured size effects with flow laws from pre-
vious studies extrapolated to room temperature in Fig. 3.4, after first converting hardness
values from our indentation data to yield stresses. This analysis of different flow laws re-
veals a similar power-law relationship between length-scale (grain size for polycrystalline
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deformation and contact radius for indentation tests) and room-temperature strength as
observed in our indentation tests, demonstrating that a size effect can account for most of
the discrepancy in published data.
Importantly, the observed size effect in yield stress suggests that data from samples
with large inherent length scales (Druiventak et al., 2011; Idrissi et al., 2016) best represent
the plastic strength of olivine in the coarse-grained upper mantle (Behn, Hirth, and Elsen-
beck II, 2009; Pearson, Canil, and Shirey, 2014). Thus, we suggest that the flow law from
Idrissi et al., 2016 is the best available for capturing the strength of coarse-grained mantle
(Fig. 3.4) and indicates that the upper mantle is weak relative to previous experimental
predictions. This particular flow law is based on the incorporation of measurements of
dislocation velocity into a micromechanical simulation, which does not involve any inher-
ent size effects. Notably, it predicts a maximum strength of the lithosphere on the order
of 100s of MPa, in much better agreement with geodynamic and geophysical estimates of
lithospheric strength than with most published flow laws (Evans and Goetze, 1979; Rater-
ron et al., 2004; Kawazoe et al., 2009; Mei et al., 2010; Faul et al., 2011; Long et al., 2011;
Kranjc et al., 2016).
Another major geophysical implication of the size effect in olivine is that fine-grained
peridotite aggregates deforming by low-temperature plasticity will be stronger than their
coarse-grained equivalents. This behavior is opposite to that observed in tests on polycrys-
talline olivine at higher temperatures, which activate deformation mechanisms for which
strength increases with increasing grain size (Pearson, Canil, and Shirey, 2014). The com-
pilation of published olivine plasticity data in Fig. 3.4 allows us to estimate the length
scale below which decreasing grain size will strengthen olivine. This critical length scale is
approximately 300 µm, which is comparable to or larger than grain sizes in exhumed my-
lonitic mantle shear zones (Hansen, Zimmerman, and Kohlstedt, 2011; Warren and Hirth,
2006; Toy et al., 2009). In shear zones that localize strain due to grain-size reduction during
deformation at high temperatures, low-temperature plasticity will be a relatively strong
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mechanism. Thus, further deformation will more likely occur via other mechanisms, such
as brittle fracture (e.g., pseudotachylite overprinting fine-grained shear zones in Skemer
et al., 2009).
Finally, a size effect has important consequences for the deformation and evolution
of olivine-rich faults in mantle rocks. Experimental rate-and-state friction tests on most
geologic materials reveal a “critical slip distance,” which is commonly interpreted as the
average asperity size (Fig. 3.4), on the order of tens of microns (Dieterich, 1979). In addi-
tion, experiments have suggested that contact pressures on asperities are large enough to
induce plastic deformation, even for harder geologic materials such as olivine (Dieterich
and Kilgore, 1994). As plastic deformation of microscopic asperities on faults is akin to that
which occurs in an indentation test, the size effect seen in our experiments will also exist
on faults (i.e., asperity strength will increase with decreasing asperity size). For a distri-
bution of asperity sizes, the presence of a size effect could result in intrinsic heterogeneity
in the mechanical and frictional properties of faults, which may control the evolution of
fault roughness. Our results are also consistent with predictions from previous work on
fault roughness (Brodsky, Kirkpatrick, and Candela, 2016), which suggests a link between
length-scale and strength.
Although much work remains to be done in characterizing size effects across the range
of geologically relevant materials, this study demonstrates their impact on a wide range of
geodynamic phenomena involving deformation of the lithosphere.
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FIGURE 3.1: Examples of Berkovich and spherical indents. (A) Secondary
electron image of a Berkovich indent. (B) Forescattered electron image of
a spherical indent. (C and D) Maps of the GND densities associated with
each indent as measured by HR-EBSD (Wallis et al., 2016). The activation of
plastic deformation mechanisms is shown by the elevated densities of GNDs
around the residual indents. Radial fractures emanating from the indents
result in artificially high GND densities in the immediate vicinity of these
cracks. Regions of each map outside the plastic zone of the indents reveal
the minimum resolvable dislocation density by HR-EBSD, which varies for
each map based on the analytical conditions and crystal orientation.
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FIGURE 3.2: Summary of spherical indentation results. (A) Sample
hardness-strain curves from tests with a 3 µm radius indenter. The dashed
black line is a linear fit to the hardness data after pop-in for the single crys-
tal. This fit is projected back to the elastic portion of the data to calculate
the yield hardness. (B) Inverse pole figure (IPF) representing the average
hardness at yield calculated for each crystal orientation tested via spherical
indentation. Each marker for a single-crystal sample represents the average
of 16 tests. Each marker for the polycrystalline sample represents a single
indentation test on one grain of the sample. (C) IPF illustrating the mea-
sured Young’s modulus for the same orientations as in (B). The background
is colored by the theoretical Young’s modulus from Abramson et al., 1997.
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FIGURE 3.3: Size effects observed by spherical and Berkovich indentation.
(A) Spherical indentation size effect for four different orientations of olivine
as a function of contact radius at yield. Data for a fifth orientation (shown
in purple) are also plotted but were only measured with a single indenter
tip. Plotted values of yield hardness are averages over 12 to 16 tests. (B)
Berkovich indentation size effect for a single orientation of olivine, as il-
lustrated in the inset. Markers for non-CSM (continuous stiffness measure-
ment) tests are averages of 6 to 10 tests.
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FIGURE 3.4: Comparison between observed size effects in our indentation
tests and previously published low-temperature plasticity flow laws extrap-
olated to room temperature. Yield stresses from flow laws are calculated
for a strain rate of 0.01 s−1 and a confining pressure of 3 GPa to approx-
imately match the strain rate and confining pressure of indentation tests.
Data from Druiventak et al., 2011 are not from a flow law but are approx-
imate yield stresses from experiments obtained at room temperature and
confining pressures of 2.0 to 2.5 GPa. These yield stresses likely reflect plas-
ticity before any brittle deformation. Flow laws from past indentation stud-
ies (Evans and Goetze, 1979; Kranjc et al., 2016), as well as indentation data
from this study, are plotted using contact radius as the length scale, whereas
flow laws based on tests on polycrystalline samples (Raterron et al., 2004;
Kawazoe et al., 2009; Mei et al., 2010; Druiventak et al., 2011; Faul et al.,
2011; Long et al., 2011; Proietti et al., 2016) are plotted using grain size. The
predicted yield stress from Idrissi et al., 2016, in which dislocation velocity
was measured to calibrate a flow law, is assumed to be independent of scale.
The predicted yield stress from Kranjc et al., 2016 has been rescaled follow-
ing the method used by Evans and Goetze, 1979 to calculate the constraint
factor (the original data point is plotted as an open pentagon). This rescal-
ing has been performed so that all estimates from indentation experiments
using sharp tips are processed in the same manner. The dark gray band rep-
resents the approximate size effect observed in all data, with the hatched
gray field indicating even larger yield stresses when the dislocation source
density is low. Relevant geological length scales are indicated (Behn, Hirth,
and Elsenbeck II, 2009; Pearson, Canil, and Shirey, 2014; Warren and Hirth,
2006; Toy et al., 2009; Skemer et al., 2009; Dieterich, 1979; Dieterich and Kil-
gore, 1994). The predicted stress from Demouchy et al., 2013 is not included
because their flow law is calibrated using the maximum stress observed in
experiments rather than the yield stress.
Chapter 4
Constraining the Mechanism of
Frictional Aging with
Nanoindentation
A version of this chapter was previously published as: Thom, C.A., Carpick, R.W. and
Goldsby, D.L. (2018), Constraints on the physical mechanism of frictional aging from nanoin-
dentation. Geophysical Research Letters 45 (24), 13,306-13,311. doi:10.1029/2018GL080561
Abstract
The increase in the frictional strength of rocks with the time of quasi-stationary contact,
known as frictional aging, may ultimately determine whether unstable slip (i.e. earth-
quakes) can nucleate. In spite of its importance, the physical mechanism that underlies
frictional aging in rocks is still uncertain. The widely held view is that aging results from
an increase in contact area due to asperity creep. Here we show via nanoindentation test-
ing that the hardness and creep rate of quartz are independent of relative humidity from <
10−4 to 50%. This contrasts strongly with the standard interpretation of previous friction
experiments on quartz tested over a similar humidity range, which reveal an absence of
frictional aging for humidity < 5%. Our results demonstrate that frictional aging in quartz
38
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cannot result from asperity creep, and instead argue in favor of other mechanisms, includ-
ing time-dependent chemical bond formation or slip-induced strengthening.
4.1 Introduction
Decades of laboratory friction experiments on rocks provide an empirical basis for rate-
and state-friction laws (Marone, 1998; Scholz, 2002), which are widely adopted in earth-
quake nucleation models and calculations (e.g. Lapusta et al., 2000; Ampuero and Rubin,
2008; Lapusta and Liu, 2009). Despite their widespread use, however, these laws lack a
physical basis; that is, the physical mechanism(s) that give rise to the observed frictional
behavior is (are) unknown. One of the most fundamental observations from laboratory
experiments is that friction increases linearly with the logarithm of the time of quasi-
stationary contact, a phenomenon often called ‘aging’ (Dieterich, 1972). This behavior
is thought to underlie the velocity-dependence of friction, which ultimately determines
whether unstable slip – earthquakes in the case of natural faults in the Earth’s crust – can
nucleate (e.g. Gu et al., 1984; Dieterich, 1992). Aging is classically attributed to changes
in the real area of contact with time due to creep of contacting asperities (Dieterich and
Kilgore, 1994). However, direct evidence for this ‘contact quantity’ hypothesis for aging is
still lacking for deformation-resistant materials like quartz, and recent experimental results
and simulations examining frictional behavior at the single-asperity level have cast doubt
on its general applicability, suggesting that chemical bond formation, or ‘contact quality’,
can play a dominant role ( Li et al., 2011; Liu and Szlufarska, 2012; Li, Liu, and Szlufarska,
2014). Recent reinterpretations of data from rock friction experiments suggest that aging
may also result from interfacial slip rather than static contact (Bhattacharya, Rubin, and
Beeler, 2017).
Friction experiments on quartz rocks and powders under dry conditions (i.e. < 5% rel-
ative humidity, RH) at room temperature reveal an absence of frictional aging, showing
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that the presence of water is required for aging to occur (Dieterich and Conrad, 1984; Frye
and Marone, 2002). The authors of these studies concluded that aging occurs due to either
1) water-assisted creep of microscopic asperities in contact on experimental fault surfaces,
or 2) time-dependent chemical bonding on the frictional interface in the presence of wa-
ter. Interpretation 1 is often colloquially referred to as the ‘contact quantity’ hypothesis,
wherein aging is caused by an increase in the real area of contact due to asperity creep.
Interpretation 2 is often referred to as the ‘contact quality’ hypothesis, wherein friction in-
creases with the increase in the number of relatively strong siloxane (Si-O-Si) bonds across
a frictional interface with time, whether or not there is an increase in contact area. While
both mechanisms are plausible, and definitive evidence in favor of either mechanism oc-
curring at macroscopic rock interfaces is lacking, an increase in the real area of contact due
to asperity creep is the widely accepted mechanism of frictional aging.
Here, we use the presence or absence of water in nanoindentation tests to probe the
underlying physical mechanism of frictional aging and directly test the ‘contact quantity’
hypothesis. The frictional behavior at interfaces depends on the mechanical properties of
asperities, and indentation is a well-established method to determine the hardness (Oliver
and Pharr, 1992; Oliver and Pharr, 2004), yield stress (Johnson, 1970; Evans and Goetze,
1979), and creep behavior of asperities (Goldsby et al., 2004). To mimic the deformation
of microscopic asperity contacts on a frictional interface, we conducted nanoindentation
experiments on a single crystal of quartz with a diamond Berkovich tip to measure its in-
dentation hardness, which is proportional to yield strength, and the rate of indentation
creep. Tests were conducted at values of RH ranging from <10−4 to 50% to determine the
effects of adsorbed water on both the hardness (yield strength) and indentation creep rate.
The experiments thus directly test whether the profound differences between the aging
behavior of quartz rocks in dry and humid environments cited above can be attributed to
water-assisted plastic deformation and creep of frictional contacts. For the ‘contact quan-
tity’ hypothesis to be correct, the hardness (a measure of plasticity) and the indentation
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creep rate (a measure of asperity creep) must vary dramatically with humidity. Exper-
iments which produce no variation in the hardness or creep rate over a large range of
humidity would provide very strong evidence against the ‘contact quantity’ hypothesis
and indicate an alternative mechanism of aging.
4.2 Methods
4.2.1 Experimental Apparatus and Humidity Control
Controlled-humidity experiments were conducted in three different instruments - an iMi-
cro Nanoindenter housed at Nanomechanics, Inc. (NMI) in Oak Ridge, Tennessee, an iden-
tical iMicro Nanoindenter housed at the University of Pennsylvania, and the MRI (Major
Research Instrumentation) Prometheus Nanoindenter housed at NMI. For experiments in
the NMI-housed iMicro Nanoindenter, a humidity gauge was placed inside the instrument
before sealing the chamber and allowing it to equilibrate for 12-24 hours. Three different
conditions were tested: ambient laboratory air (RH 25%), humidified air (RH 50%) cre-
ated by placing a salt-water solution inside the chamber, and de-humidified air (RH 2-6%)
created by placing silica gel desiccant inside the chamber. Experiments in the iMicro at
the University of Pennsylvania were conducted either by sealing the indenter chamber
and flushing it continuously with dry nitrogen gas (RH 1%), or in ambient laboratory
air (RH 20%). Tests at ambient conditions (RH 30%) in the MRI Prometheus, for which
the nanoindenter is located within an SEM vacuum chamber, were conducted with the
vacuum chamber open and a humidity gauge located directly next to the instrument. Ex-
periments were also performed in vacuum in Prometheus with a chamber pressure of 3.3
x 10−5 millibars (residual water vapor will exist due to desorption of adsorbed water from
the surfaces of the chamber walls and of the indentation apparatus contained within; the
largest possible value is determined by making the extreme assumption that the measured
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residual gas in the chamber is entirely composed of water vapor, which corresponds to a
RH of 1.25 x 10−4 %).
4.2.2 Hardness Protocol and Continuous Stiffness Method
Indentation tests were conducted on an dry synthetic single crystal of quartz (MTI Corpo-
ration) 1-mm thick and 1 cm2 in area. The normal to the plane of the sample was oriented
42◦ from its c-axis. Three diamond Berkovich tips (one in each instrument) were used
for all experiments. The area functions (i.e. the polynomial relationship describing the
projected area of the indenter tip as a function of distance from its apex) of the indenter
tips were calibrated using a fused silica standard before the experiments. Hardness was
defined as the load divided by the projected contact area of the indenter tip, which was
determined from the indentation depth and the contact stiffness (Oliver and Pharr, 1992).
The contact stiffness is obtained from the slope of the unloading curve in hardness tests,
and, from contact mechanics theory, is proportional to
√
A, where A is the contact area. We
also measured hardness continuously throughout a single experiment using the continu-
ous stiffness method (CSM) (Li and Bhushan, 2002; Oliver and Pharr, 2004) at a nominally
constant strain rate, P˙ /P , where P˙ is the loading rate and P is the load, of 0.2 s−1 (e.g.
Lucas and Oliver, 1999). We applied a 2-nm, 100-Hz oscillation in tip displacement and
measured the amplitude of the force response and the phase lag between the displacement
and force to calculate stiffness, and hence contact area.
4.2.3 Creep Protocol and Analysis
Nanoindentation creep tests were performed on the same quartz single crystal using the
Berkovich tips described above. Once the surface was detected, the load was increased to
a target load of either 15, 40, or 400 mN at a loading rate of 1000 mN/s and held constant
for up to 1 hour. The projected contact area was determined during the first 10 s of the
test from the measured indentation depth, which was assumed to be equal to the contact
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depth, hc. Each value of the projected contact area during the hold was then normalized to
the contact area at the end of the step-loading phase using AiA0 =
h2ci
h2c0
, where the subscripts
0 and i refer to the starting value and the instantaneous value, respectively. For holds
longer than 10 s, the contact stiffness (S) was used to determine changes in the contact area
using AiA0 =
S2i
S20
, where the subscripts are the same as above. For creep tests, we used a
1-mN oscillation in load and measured the responding tip displacement and phase lag to
determine the contact stiffness. We assume that the value of A0 determined at 10 s from
the continuous stiffness data (the point at which the continuous stiffness measurement is
turned on) is equal to the value of Ai determined from the displacement (depth) data at 10
s. All subsequent measurements of contact area are derived from the continuous stiffness
measurements to avoid thermal drift of the displacement data at long hold times. Finally,
a linear regression was performed on all data to determine the rate of contact area growth,
A˙norm.
4.3 Results
Results of the nanoindentation hardness tests are shown in Figure 4.1. The tests were
conducted in two different nanoindentation apparatus at a range of RH from 2% to 50%,
as well as in vacuum (at an estimated RH of <10−4 %), overlapping the range of humidity
investigated in the quartz friction experiments cited above (Dieterich and Conrad, 1984;
Frye and Marone, 2002). In total, 224 indentation tests were performed, at five different
values of humidity. The continuous-stiffness method was used in the tests, which allows
the hardness of a sample as a function of indentation depth to be determined in a single
indentation test (Li and Bhushan, 2002; Oliver and Pharr, 2004). In all tests, values of
the hardness were observed to decrease with increasing depth of the indent (i.e., with an
increase in the load applied to the indenter tip), a phenomenon known as the ‘indentation
size effect’, widely observed for many engineering materials (Pharr, Herbert, and Gao,
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2010) and recently identified in geological materials (Kumamoto et al., 2017; Thom et al.,
2017). However, more importantly, the measured value of the hardness at a given depth
is independent of humidity within the experimental uncertainty of < 5%. Our results thus
indicate that the absence of aging in the friction experiments on dry quartz cited above
cannot be attributed to an increase in hardness or, equivalently, yield strength, of asperities.
Indentation creep tests were also conducted over a range of humidity from RH ∼ 10−4
to 50%. As an example, in Figure 4.2, the indentation depth vs. time and contact stiffness
vs. time data from a 1-hour-long indentation creep experiment conducted at an ambient
humidity of RH 25% are shown. After step-loading the sample to a given load, the load
was held constant. The indenter tip continued to penetrate into the material due to creep of
the sample, resulting in an increase in both the indentation depth and the contact stiffness
(due to the increase in the projected contact area of the indent). Only the first ten seconds
of the displacement (indentation depth) vs. time data are shown, because the displace-
ment data are sensitive to thermal drift of the instrument at longer times. The continuous
stiffness data, in contrast, are insensitive to thermal drift and are thus reliable to longer
contact times. For all experiments, we normalize the instantaneous projected contact area
during the hold, Ai, by the projected contact area at the end of step loading, A0, as shown
in Figure 4.3, where AiA0 is plotted against time for a 3600-s hold. A linear fit to these data,
the slope of which is the time rate of change of the normalized contact area, A˙norm, has a
value of 0.012, similar to previously reported values from nanoindentation creep tests on
quartz (Goldsby et al., 2004).
Nanoindentation creep experiments in dry environments should yield drastically dif-
ferent values of A˙norm compared to tests at higher humidity if water-assisted creep is the
dominant mechanism of frictional aging. In the dry case, there would be no increase in
indentation depth or contact stiffness (contact area) with time (i.e., no creep). Figure 4.4
compiles the results of a total of 124 indentation creep tests at 7 different values of RH
ranging from ∼ 10−4 to 50%, for 3 different loads, with each data point representing an
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average of 3 to 12 tests. Three different nanoindentation apparatus, and several different
methods of controlling humidity, were used to acquire the data. Vertical error bars in Fig-
ure 4.4 represent one standard deviation from the mean. At all humidity conditions, the
average value of A˙norm is nearly identical, as demonstrated in Figure 4.4. At RH < 5%, a
dramatic decrease in A˙norm is expected if asperity creep is the physical mechanism of ag-
ing, as hypothesized for the friction experiments cited above (Dieterich and Conrad, 1984;
Frye and Marone, 2002), but is not observed in any of our experiments.
4.4 Discussion
Our results are inconsistent with the ‘contact quantity’ explanation of frictional aging,
wherein changes in friction are caused by changes in the real area of contact due to plas-
ticity and creep of frictional contacts. Our results are, however, consistent with a number
of recent experimental observations and simulations aimed at understanding the physical
origins of aging and the ‘state variable’ of rate- and state-variable friction laws (RSF). For
example, simultaneous measurements of friction, acoustic wave transmission (a proxy for
real area of contact), and transmitted light intensity (a more direct measurement of contact
area) for a frictional interface between acrylic plastic samples suggest that although there is
some correlation between contact area and friction, the correlation is not one-to-one (Na-
gata et al., 2014). We note that although the rate at which contact area increases in our
experiments, ∼1% per decade, is consistent with the rate of frictional aging in rock friction
experiments (for example, ∼2% per decade of time in experiments on quartz-rich rocks
(Dieterich, 1972)), the strength of the frictional interface cannot be controlled by solely by
contact area.
An alternative to the ‘contact quantity’ explanation of aging is that the logarithmic in-
crease in friction with time observed in rock friction experiments (Dieterich, 1972; Marone,
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1998; Scholz, 2002) is caused by changes in the chemical bonding state across the contact-
ing interface. Time-dependent formation of siloxane (Si—O—Si) bonds between a pair of
opposing hydrolyzed silica groups (Si—OH) has been shown via atomic force microscopy
(AFM) to be a viable mechanism of frictional aging for nanoscale single-asperity silica-
silica contacts (Li et al., 2011). Molecular simulations confirm the AFM results and shown
that the number of siloxane bonds across a silica-silica interface increases linearly with
the logarithm of contact time for an elastic contact (Liu and Szlufarska, 2012; Li, Liu, and
Szlufarska, 2014). Thus, strong frictional aging occurs even in the absence of plastic defor-
mation. Creep of asperities must play an indirect role in aging, by increasing the area of
contact over which chemical bonding can occur, but our results suggest that the formation
of chemical bonds at contact junctions, or another unknown mechanism, is the primary
physical mechanism that gives rise to aging. Our results also indirectly support recent
reinterpretations of data from rock friction experiments that highlight the possible impor-
tance of slip rather than contact time in frictional aging. Therefore, the physical origins of
aging, and the associated state variable in rate- and state-variable friction laws, must be
reevaluated.
4.5 Conclusions
We have performed hardness and nanoindentation creep experiments on a single crystal
of quartz to determine if plasticity or creep are affected by relative humidity. Over the
range of humidity tested, there is no difference in either the hardness or indentation creep
behavior of quartz. These results are inconsistent with predictions of the ‘contact quantity’
hypothesis for frictional aging, suggesting that changes in contact area alone cannot ex-
plain frictional aging. Some other mechanism, such as time-dependent chemical bonding
or slip-induced strengthening of asperities must control frictional aging of quartz rocks.
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FIGURE 4.1: Nanoindentation hardness at several relative humidity con-
ditions. Data from tests in (a) an iMicro Nanoindenter (1-atm apparatus,
Nanomechanics, Inc.) and (b) the MRI Prometheus Nanoindenter (high-
vacuum apparatus, Nanomechanics, Inc.) show no difference in hardness at
any humidity over the full indentation depth range investigated in each in-
strument. For tests yielding the data in (b), the RH 30% data were obtained
with the vacuum chamber open to room atmosphere. Error bars in (a) and
(b) represent one standard deviation from the mean. Data in (a) and (b) may
not be directly comparable due to differences in tip orientation relative to
the crystallographic orientation of the sample in each nanoindenter.
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FIGURE 4.2: Typical results for a 3600-s nanoindentation creep test at RH
= 25%. During the first portion of the test (not shown), the indenter tip
penetrates into the sample as it is loaded to a peak load of 400 mN. After
this initial loading phase, the load is held constant, and the tip continues
to penetrate more slowly with time due to specimen creep, resulting in an
increase in both (a) the measured depth and (b) the contact stiffness, with
time.
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FIGURE 4.3: Normalized projected contact area AiA0 as a function of the loga-
rithm of hold time at RH = 25%. The normalized contact area derived from
the depth data for the first ten seconds of the test is shown in blue. The nor-
malized contact area derived from continuous stiffness data is shown in red
for the remainder of the 3600-s hold. The black line is a best-fit line to all
the data, with a slope equal to A˙norm , the rate of change of the normalized
contact area with time. The slope of the black line in this example is 0.012.
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FIGURE 4.4: Rate of change of the normalized projected contact area, A˙norm,
as a function of relative humidity. Each data point represents an average of
3 to 12 tests at a given load (represented by the color) and humidity, and
error bars represent one standard deviation from the mean. A best-fit line is
shown in black, demonstrating no dependence of the rate of normalized con-
tact area growth on humidity. If aging were caused by contact area growth,
experiments for RH < 5% would show A˙norm dramatically falling towards
zero, which is strongly inconsistent with our experimental results.
Chapter 5
Nanoindentation Studies of Plasticity
and Dislocation Creep in Halite
A version of this chapter was previously published as: Thom, C.A. and Goldsby, D.L.
(2019), Nanoindentation studies of plasticity and dislocation creep in halite. Geosciences 9
(2), 79. doi: 10.3390/geosciences9020079
Abstract
Previous deformation experiments on halite have collectively explored different creep
mechanisms, including dislocation creep and pressure solution. Here, we use an alterna-
tive to conventional uniaxial or triaxial deformation experiments - nanoindentation tests
- to measure the hardness and creep behavior of single crystals of halite at room temper-
ature. The hardness tests reveal two key phenomena: 1) strain rate-dependent hardness
characterized by a value of the stress exponent of ∼25, and 2) an indentation size effect,
whereby hardness increases with decreasing size of the indents. Indentation creep tests
were performed for hold times ranging from 3600 to 106 s, with a constant load of 100
mN. For hold times longer than 3 x 104 s, a transition from plasticity to power-law creep is
observed as the stress decreases during the hold, with the latter characterized by a value
of the stress exponent of 4.87 ± 0.91. An existing theoretical analysis allows us to directly
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compare our indentation creep data with dislocation creep flow laws for halite derived
from triaxial experiments on polycrystalline samples. Using this analysis, we show an ex-
cellent agreement between our data and the flow laws, with the strain rate at a given stress
varying by less than 5% for a commonly used flow law. Our results underscore the utility
of using nanoindentation as an alternative to more conventional methods to measure the
creep behavior of geological materials.
5.1 Introduction
Quantifying the deformation rate of halite has been an active area of study for several
decades, due largely to interest in nuclear waste storage and hydrocarbon exploration.
While the goal of many authors has been to understand the large-scale behavior of salt
bodies in the Earth (Jackson and Talbot, 1986; Van Keken et al., 1993; Li et al., 2012), others
have aimed at understanding the fundamental microphysical mechanisms that give rise
to creep, plasticity, and frictional sliding of halite (Heard, 1972; Heard and Ryerson, 1986;
Wawersik and Zeuch, 1986; Carter et al., 1993; Franssen, 1994; Hunsche and Hampel, 1999;
Ter Heege, De Bresser, and Spiers, 2005; Schoenherr et al., 2007; Linckens, Zulauf, and
Hammer, 2016; Carter and Hansen, 1983; Skrotzki and Liu, 1982; Skrotzki and Haasen,
1988; Senseny et al., 1992; Berest and Brouard, 1998; Fossum and Fredrich, 2002; Spiers et
al., 1986; Urai et al., 1986; Spiers, Urai, and Lister, 1988; Spiers et al., 1990; Urai and Spiers,
2007; Shimamoto, 1986; Shimamoto and Logan, 1986; Chester, 1988). The development of
flow laws for various creep mechanisms in halite, and characterization of their associated
microstructures, allows for reliable extrapolation of laboratory-derived behavior to natural
conditions.
Many studies have explored dislocation creep in polycrystalline halite (Heard, 1972;
Heard and Ryerson, 1986; Wawersik and Zeuch, 1986; Carter et al., 1993; Franssen, 1994;
Hunsche and Hampel, 1999; Ter Heege, De Bresser, and Spiers, 2005; Schoenherr et al.,
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2007; Linckens, Zulauf, and Hammer, 2016). The rate-limiting process in the disloca-
tion creep regime, up to temperatures of 200◦C, is believed to be either dislocation climb
(Heard, 1972; Heard and Ryerson, 1986; Carter and Hansen, 1983) or cross-slip of screw
dislocations (Wawersik and Zeuch, 1986; Ter Heege, De Bresser, and Spiers, 2005; Skrotzki
and Liu, 1982; Skrotzki and Haasen, 1988; Senseny et al., 1992), but definitive evidence has
not been obtained for either mechanism (Van Keken et al., 1993; Ter Heege, De Bresser,
and Spiers, 2005). The dislocation creep rate can be described by an equation of the form
˙ = Aσnexp
(−Q
RT
)
(5.1)
where ˙ is the strain rate, A is a constant, σ is the differential stress, n is the stress exponent,
Q the activation energy, R the gas constant, and T the absolute temperature. Dislocation
creep in polycrystalline halite is characterized by n = 5-7 (typically n ≈ 5) and Q = 50 to
130 kJ/mol (typically Q is in the range of 50-70 kJ/mol) (Heard, 1972; Heard and Ryerson,
1986; Wawersik and Zeuch, 1986; Carter et al., 1993; Franssen, 1994; Hunsche and Hampel,
1999; Ter Heege, De Bresser, and Spiers, 2005; Schoenherr et al., 2007; Linckens, Zulauf,
and Hammer, 2016; Berest and Brouard, 1998; Fossum and Fredrich, 2002). Dislocation
creep experiments have been typically conducted at elevated temperatures in the range of
60-400◦C and confining pressures up to 200 MPa to avoid fracturing the samples.
Although dislocation creep has been studied extensively, it is not the only mechanism
by which halite can deform in the laboratory or in nature. Several studies have investi-
gated pressure solution in the laboratory and argued that it is the dominant creep mecha-
nism at natural geologic conditions (Spiers et al., 1986; Urai et al., 1986; Spiers, Urai, and
Lister, 1988; Spiers et al., 1990; Urai and Spiers, 2007). Pressure-solution creep is grain
size-sensitive, and can be described by a flow law of the form
˙ =
Aσn
dp
exp
(−Q
RT
)
(5.2)
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where d is grain size and p is the grain size exponent, equal to 3. All other parameters in Eq.
5.2 are the same as defined previously, but with different parameter values corresponding
to the pressure solution mechanism. Pressure solution is observed experimentally at rela-
tively low stresses and elevated temperatures with a characteristic value of n = 1. Pressure
solution may dominate the deformation of halite in nature when fluids are present at low
stresses and elevated temperatures.
At relatively large differential stresses, plasticity becomes the dominant deformation
mechanism. A number of studies have investigated the transition from ductile deforma-
tion of halite at low shearing velocities to frictional sliding at higher slip speeds (Shi-
mamoto, 1986; Shimamoto and Logan, 1986; Chester, 1988). At low shearing velocities,
Shimamoto, 1986 reported a stress exponent of approximately 17, a value indicative of
deformation limited by dislocatio glide.
Most studies of creep and plasticity of halite have employed uniaxial or triaxial appa-
ratuses to deform macroscopic samples. While the data from such experiments are rela-
tively simple to interpret, significant effort is required to prepare relatively large samples
with uniform microstructures, maintain high temperature and high confining pressure to
suppress fracture of the sample, and apply the large differential stresses and high strain
rates required to measure plasticity. In this study, we explored the rheological behavior of
halite at room temperature using nanoindentation. As demonstrated below, the relatively
easy-to-perform indentation experiments yield data for halite that are comparable to those
obtained using more conventional apparatuses.
5.2 Methods
To measure the hardness and creep behavior of halite single crystals, we performed a va-
riety of nanoindentation tests at low relative humidity (< 15%). Although not often used
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to study geological materials, nanoindentation is a well-established technique in engineer-
ing and materials science for measuring the hardness of metals and ceramics (Oliver and
Pharr, 1992; Oliver and Pharr, 2004). Several indenter geometries are commonly used; we
employed two different diamond Berkovich (three-sided pyramidal) indenter tips to mea-
sure indentation hardness, which is proportional to the yield stress (Johnson, 1970; Evans
and Goetze, 1979; Thom et al., 2017; Kumamoto et al., 2017). By measuring the maxi-
mum applied load Pmax, the maximum indentation depth hmax, and the contact stiffness S
from the unloading curve, the contact depth hc can be determined using the Oliver-Pharr
method (Oliver and Pharr, 1992; Oliver and Pharr, 2004)
hc = hmax − bPmax
S
(5.3)
where b is a constant associated with the geometry of the indenter (equal to 0.75 for a
Berkovich indenter). The projected contact area Ac of the indenter is a function of hc,
which is calibrated using a fused silica standard prior to the experiments. The hardness
H is defined as the maximum applied load divided by the projected contact area of the
indenter
H =
Pmax
Ac
(5.4)
We can also derive the effective Young’s modulus of the tip-sample contact (Eeff ) from
Eeff =
√
piS
2β
√
Ac
(5.5)
where β is a constant with a value close to unity. To determine the Young’s modulus Es of
the sample, we employ the relation
1
Eeff
=
1− ν2s
Es
+
1− ν2i
Ei
(5.6)
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where ν is Poisson’s ratio and the subscripts s and i refer to the sample and indenter,
respectively. Thus, we can determine the Young’s modulus of the sample using the known
elastic constants of the diamond indenter and an assumed Poisson’s ratio of 0.25 for the
sample.
The Oliver-Pharr method described above produces only one measurement of the hard-
ness and elastic modulus per test, which is determined from the slope of the unloading
curve at peak load, at the maximum contact depth. Thus, measuring the depth-dependent
hardness and modulus of the material requires numerous experiments or additional test-
ing techniques. Using the so-called continuous stiffness method (CSM), we determined
the hardness and modulus continuously at all depths in a single indent (Oliver and Pharr,
2004; Li and Bhushan, 2002). For hardness tests using the CSM, we apply a 100-Hz sinu-
soidal oscillation of the tip displacement (with a typical amplitude of 2 nm) and measure
the resulting sinusoidal force response, and the phase lag between displacement and force,
allowing the contact stiffness, and thus the contact area, hardness, and elastic modulus, to
be determined continuously throughout a single test. In our nanoindentation creep tests,
we used the CSM to impose a constant sinusoidal oscillation of the load of typically 2 mN
about a nominally constant applied load of 100 mN and measured the resulting displace-
ment and phase lag. Using the CSM, the contact stiffness is determined over time scales (<
0.01 s) too small for significant thermal drift to occur, allowing long-duration creep tests
(up to 106 s in this study) to be conducted.
We performed nanoindentation hardness tests by loading the sample at constant P˙P
where P is the applied load and P˙ its time derivative. Several different values of P˙P were
used in this study to determine the effect of loading rate and strain rate on the measured
hardness.
For both the hardness and creep tests, we define the indentation strain rate ˙i as
˙i =
1
hc
dhc
dt
(5.7)
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where dhcdt is the time-derivative of the contact depth. For the hardness tests and the initial
stages of creep tests, the strain rate can be calculated directly from the measured contact
depth using Eq. 5.3. However, for longer hold times, thermal drift of the instrument is
problematic, and hc must be determined in a different manner. Using the known modulus
of the sample measured in the hardness experiments, we can rearrange Eq. 5.5 to solve for
the contact area as a function of stiffness.
Ac =
piS2
4β2E2eff
(5.8)
For these experiments, we use an area function of the form
Ac = C1h
2
c + C2hc + C3h
1
2
c + ...+ C7h
1
32
c (5.9)
where C1, C2, C3...C7 are constants determined from calibrations obtained from indenta-
tions on fused silica. This method allows us to directly determine the contact depth, hc,
and therefore the strain rate, from the continuous stiffness measurements made during
long-duration creep tests.
We also determine the stress applied to the sample during the hold using a similar
method. The hardness (stress) on the sample is the applied load divided by the projected
contact area of the indenter tip. Thus, we also determine the stress using the contact area
calculated from Eq. 5.8
5.3 Results
5.3.1 Constant Strain Rate Experiments
Constant strain rate tests were performed at a range of strain rates varying over two or-
ders of magnitude. Fig. 5.1 shows the load-depth curves for a total of 116 nanoindentation
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hardness tests performed at 6 different target values of P˙P . Six distinct clusters, each shown
by a different color, reflect the results obtained at different target strain rates. The hard-
ness as a function of depth is shown in Fig. 5.2 for all the tests, color-coded by the target
strain rate. A significant indentation size effect is observed for all experiments, wherein
the measured hardness increases with the decreasing size of the indents. This is a well-
established phenomenon in engineering materials (Pharr, Herbert, and Gao, 2010), and
has been observed for a number of geologic materials (Thom et al., 2017; Kumamoto et al.,
2017; Thom, Carpick, and Goldsby, 2018; Chapter 2; Appendix 3). We determined the
hardness at a depth of 4000 nm, at which all tests reached a steady-state strain rate, and
the indents are deep enough that the indentation-size effect is negligible. In Fig. 5.3, we
plot the average indentation hardness at a given strain rate at depth of 4000 nm against
the steady-state indentation strain rate. The data clearly show a strain-rate dependence of
the hardness, similar to materials such as indium and selenium (Lucas and Oliver, 1999;
Su et al., 2013), with a stress exponent of ∼25.
5.3.2 Constant Load and Hold Creep Experiments
Examples of contact depth vs. time and contact stiffness vs. time data for a 3600-s hold are
shown in Figs. 5.4 and 5.5. In Fig. 5.4, thermal drift of the tip displacement is noticeable
at long hold times, where the apparent depth increases roughly linearly with time. How-
ever, the continuous stiffness data shown in Fig. 5.5, for which thermal drift is negligible,
demonstrates that the creep rate decreases continuously during the test. Typical hardness
vs. strain rate data from a constant load and hold (CLH) test with a peak load of 100 mN
and a loading rate of 100 mN/s are shown in Fig. 5.6. During the initial part of the test,
stress and strain rate are derived using the Oliver-Pharr method and Eq. 5.7, respectively
(shown in blue). At longer times (typically beyond∼10-15 s), we turn on the tip oscillation
to determine the stress and strain rate for the remainder of the test using the CSM (data
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shown in red). At the point where the tip oscillation is turned on, we assume that the hard-
ness of the sample determined from both methods is identical. Only minor adjustments (<
1%) to the measured effective modulus are needed to match the two data sets at that point,
using Eq. 5.8.
5.3.3 Effect of Loading Rate
We performed 20 CLH creep tests to specifically determine the effect of loading rate on
deformation. Four tests each were conducted at 5 different loading rates, for hold times of
one hour, the results of which are shown in Fig. 5.7. In Fig. 5.7, we only show the data
derived from the displacement data obtained during the initial stages of the test, because
all the tests showed the same behavior during the hour-long hold. During initial loading,
data from all tests appear to be qualitatively and quantitatively similar over the range of
loading rates. Tests with a larger loading rate yield initially higher values of both hardness
and strain rate, but data acquired later in the tests overlap with data from tests conducted
at slower loading rates. Thus, there does not appear to be a significant effect of loading
rate on hardness and strain rate in the CLH tests.
5.3.4 Effect of Peak Load
We also performed 16 CLH creep tests to determine if there is an effect of peak load on
deformation. We did not conduct tests at very small loads, due to the known presence of
an indentation size effect, as demonstrated in Fig. 5.2. However, we performed tests at
larger loads to explore other potential effects. Our results are shown in Fig. 5.8, which
demonstrates that there is no effect of peak load on creep behavior over the range tested.
All CLH creep tests yield data in quantitative agreement with each other during the hour-
long hold.
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5.3.5 Very Long Hold Creep Tests
In addition to the 1-hr CLH creep tests, we also performed 2 creep tests of much longer
duration, up to 106 s. In these very-long hold tests, the data from the first ∼3 x 104 s of
the tests were quantitatively similar to data from experiments for hold times of 1 hour.
However, for longer hold times, creep appears to periodically accelerate during the test,
as demonstrated by the contact stiffness data in Fig. 5.9. After each creep acceleration,
long periods of time with a reduced creep rate are observed. This unsteady creep behavior
is not seen in our other CLH creep tests, nor has it been reported for any material in the
literature to the best of our knowledge.
We fit the contact stiffness vs. log time data as shown in Fig. 5.10. Two straight lines
can be fit to the data, as shown in the figure. In Fig. 5.11, we plot the stresses and strain
rates derived from the contact stiffness data from the very-long hold tests. Clearly, there
is a change in the stress exponent at a hardness (stress) of ∼180 MPa. At high stresses, a
best-fit to the data yields a value of the stress exponent similar to that obtained in the other
experiments, ∼25, but the data at lower stress yield a value of the stress exponent of 4.87
± 0.91, suggesting a change in the dominant deformation mechanism from plasticity to
power-law creep, the latter with a typical value of n ≈ 5 for halite.
5.4 Discussion
Compared to a uniaxial or triaxial deformation experiment, the stress state in the sample
beneath a Berkovich indenter tip is complex, without any analytical solutions for the stress
field. Therefore, it is not straightforward to compare data collected from macroscopic sam-
ples tested in a uniaxial or triaxial testing geometry to data acquired in nanoindentation
tests. Additionally, comparing the deformation induced by an indenter in a single crys-
tal to deformation of a polycrystalline sample is also not straightforward. However, due
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to the complex stress state under an indenter, multiple slip systems must be activated,
approximating the deformation of a polycrystalline aggregate (Evans and Goetze, 1979).
Recently, efforts have been made to understand and compare the creep parameters that
result from nanoindentation testing with parameters derived from more conventional ex-
periments (Su et al., 2013; Ginder, Nix, and Pharr, 2018). A theoretical treatment of the
problem by Bower et al., 1993 has recently been applied to a few materials. For a full
description of the analysis and a review of direct comparisons between data from macro-
scopic tests and nanoindentation tests, see Ginder, Nix, and Pharr, 2018. Here, we summa-
rize a few major points. For a power-law creeping material in a nanoindentation test, the
relationship between the indentation strain rate (˙i) and hardness (H) can be written as
˙i = βiH
m (5.10)
where βi is a constant that captures the Arrhenius dependence of the creep rate and a
material parameter akin to A in Eq. 5.1, and m is the stress exponent measured in the
nanoindentation creep test. A similar form can be written for conventional compression
tests. By simplifying Eq. 5.1, we can write
˙ = ασn (5.11)
where α encompasses all of the terms besides the stress σ and the stress exponent n in Eq.
5.1. Bower et al., 1993 show that m and n are equal to each other, so the conversion between
conventional and nanoindentation creep parameters is entirely captured by the functional
relationship between the pre-factors βi and α. Two quantities are needed to determine this
conversion, the “pile up-sink in parameter” (c) and the “reduced contact pressure” (F).
Values of these parameters are strongly dependent on the value of the stress exponent and
the geometry of the indenter tip (Su et al., 2013; Ginder, Nix, and Pharr, 2018; Bower et al.,
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1993). To directly convert between βi and α, we use the relationship
α =
βiF
nc2n−1
tan(θ)
(5.12)
where θ is the angle of the conical indenter tip and all other parameters are described
above (Ginder, Nix, and Pharr, 2018). For this analysis, we treat the Berkovich tip as a cone
with an angle of 70 degrees, allowing us to use finite element results from Su et al., 2013 to
determine the values of F and c. Using the measured stress exponent, n, and the value of
βi determined from the nanoindentation data, we directly convert nanoindentation creep
data to equivalent conventional creep data. As the stress exponent becomes larger, the
conversion factor between the stress in conventional creep and nanoindentation creep ap-
proaches a limiting value of 3, similar to the constraint factor described by Johnson, 1970.
For our data where n = 4.87, the conversion factor for stress has a value of 2.86. Alterna-
tively, we can adjust the strain rate at a fixed stress. In this case, the nanoindentation creep
rate must be multiplied by a factor of ∼146. Both of these conversions are shown in Fig.
5.12, where we plot both the original nanoindentation creep data and the “Bower-shifted”
data. Also shown in Fig. 5.12 is the extrapolation of three different dislocation creep flow
laws commonly used for polycrystalline halite. Remarkably, our Bower-shifted indenta-
tion creep data show very close quantitative agreement with the flow laws derived from
“macroscopic” experiments, suggesting that our nanoindentation creep tests interrogate
the same creep mechanisms as conventional creep tests performed at modestly elevated
temperature and elevated confining pressure. In fact, for a given stress, our converted
strain rates are within 5% of the value predicted from the Wawersik and Zeuch, 1986 flow
law.
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5.5 Conclusions
We have performed an extensive set of nanoindentation hardness and nanoindentation
creep experiments to determine the high-stress, room-temperature rheological behavior of
single crystals of halite. Our results demonstrate that the hardness of halite is sensitive
to strain rate, with a stress exponent of ∼25 at hardness (stress) values larger than ∼190
MPa. We also observe a significant indentation size effect, whereby hardness increases
with decreasing size of the indents. The measured rheological behavior is independent
of loading rate and peak load over the range of test conditions. Nanoindentation creep
tests corroborate the hardness-derived data, and reveal a distinct change in the dominant
deformation mechanism with decreasing stress. We interpret this transition to n = 4.87
behavior at lower stresses as a transition from plasticity to dislocation creep, the latter typ-
ically characterized by a value of n ≈ 5. Accounting for differences in the stress state in
nanoindentation tests compared to conventional tests, we demonstrate that our nanoin-
dentation data are in excellent agreement with flow laws for dislocation creep of halite
derived from triaxial tests on polycrystalline samples. Our results underscore the utility
of using nanoindentation in addition to more conventional methods to measure the creep
behavior of geological materials at ambient and, in the future, elevated temperatures.
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FIGURE 5.1: Load vs. depth curves for all 116 nanoindentation hardness
tests performed on halite. Each color represents ∼20 tests at target strain
rates of 0.40 (green), 0.14 (blue), 0.05 (red), 0.015 (purple), 0.0075 (black),
and 0.0015 (orange). The nearly vertical unloading portion of the data in-
dicates that plasticity dominates the deformation, and that very little elastic
recovery occurs at the end of the test.
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FIGURE 5.2: Plot of indentation hardness as a function of depth. At shal-
low indentation depths (< 1000 nm), a significant size effect can be ob-
served, whereby hardness increases dramatically with decreasing indenta-
tion depth, for all target strain rates. At larger indentation depths, the size
effect is small, and the hardness approaches a steady-state value correspond-
ing to the given target strain rate.
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FIGURE 5.3: Plot of steady-state hardness vs. indentation strain rate for 6
target strain rates. Each data point was selected for a depth of 4000 nm,
where the indentation-size effect, prominent at shallower depths, is negligi-
ble. Error bars representing the variation between all experiments at a given
strain rate are smaller than the data points. The stress exponent, i.e., the
slope of a line through the data points in the figure, is roughly 25, indicating
that plasticity is the dominant deformation mechanism at these conditions.
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FIGURE 5.4: Plot of the variation of indentation depth with time in a 3600-
s creep test. At the beginning of the hold, the displacement rate is larger
because the stress on the sample is higher. As the contact area increases due
to creep of the sample, the stress on the sample, and thus the displacement
rate, decreases. Towards the end of the test, the apparent acceleration in the
creep rate (the increase in slope of the curve) is caused by thermal drift of
the instrument.
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FIGURE 5.5: Plot of contact stiffness vs. time for the same test as shown
in Fig. 5.4. The contact stiffness data obtained using the CSM are shown in
blue. Although these data appear to be noisy and oscillatory, they are a more
accurate measure of the deformation than the displacement data, because of
their insensitivity to thermal drift. A smoothed fit to the data is shown in
black, but we use the unfiltered data in all subsequent analyses.
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FIGURE 5.6: Plot of indentation strain rate vs. hardness for a 3600-s test
(derived from the data shown in Figs. 5.4 and 5.5). The hardness and strain
rate for the blue data are determined from the displacement data from the
first 10 s of the test, a time scale too short for significant thermal drift. For
the remainder of the test, the hardness and strain rate are determined from
the contact stiffness, shown in red, which is independent of thermal drift.
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FIGURE 5.7: Plot of hardness vs. strain rate, derived from displacement
data, for all experiments with a peak load of 100 mN. Each color corresponds
to a different loading rate. No systematic differences are observed in the
data, indicating that loading rate does not influence creep behavior during
the hold at constant load.
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FIGURE 5.8: Plot of hardness vs. strain rate for all experiments performed
at a loading rate of 100 mN/s. Data shown here are derived from both dis-
placement measurements (the high-stress portions of the curve) and contact
stiffness measurements (the low-stress portions). Each color corresponds to
a different maximum load during the hold. All experiments reveal similar
behavior over the range of conditions tested.
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FIGURE 5.9: Plot of contact stiffness obtained via the CSM vs. time for two
very-long hold creep tests. Data in the first ∼30,000 s are quantitatively sim-
ilar to those from other experiments of shorter durations, but marked ac-
celerations and decelerations in the creep rate are observed in both of these
experiments at longer hold times.
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FIGURE 5.10: Plot of the same data as in Fig. 5.9, but with time plotted on
a logarithmic scale. A steady increase in the contact stiffness is observed for
the first ∼30,000 s of the test, as observed by the linear fit through the data.
However, at longer times, there is a sharp change in the the rate of contact
stiffness increase, and deformation is unsteady.
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FIGURE 5.11: Hardness vs. strain rate data for the two very-long hold ex-
periments which yielded the data shown in Figs. 5.9 and 5.10. The black line
is a best fit to the data at low stress, yielding a slope of 4.87 ± 0.91.
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FIGURE 5.12: Plot of stress vs. strain rate illustrating the “Bower shift.” The
raw data corresponding to the low-stress portions of the long-hold creep
tests (where n = 4.87) are shown. Three different dislocation creep flow laws
extrapolated to room temperature are shown for comparison. The black line,
a fit to the raw data, is shifted according to Eq. 5.12, either in the vertical or,
equivalently, the horizontal direction. The two shifted black curves agree
well with the predictions of the flow laws, particularly that of Wawersik
and Zeuch, 1986.
Chapter 6
Conclusions and Future Directions
6.1 Summary and Conclusions
In this thesis, we have measured the room temperature, length-scale dependent plastic de-
formation of quartz, olivine, halite, and natural fault surfaces using nanoindentation. In
addition, the nanoindentation creep behavior of quartz and halite was extensively studied
and compared to predictions made from other types of experiments. In short, this dis-
sertation demonstrates that nanoindentation can be used to measure the deformation of
geologic materials at room temperature, and, in the future, at high temperature.
6.1.1 Indentation Size Effects
We have identified two different types of indentation size effects, both of which result in
a "smaller is stronger" behavior. The first type of size effect is observed in single crystals
of olivine (Fig. 3.3) using spherical indenters. Upon loading the sample, the deformation
is initially elastic until a sudden stress drop occurs and plastic deformation begins (Fig.
3.2). The stress at which this "pop-in" occurs appears to be stochastic, and it is thought to
be caused by a random distribution of dislocation sources. As the size of the stressed vol-
ume increases, the likelihood of encountering a distributed dislocation source increases.
Therefore, the maximum stress that can be reached decreases as the size of the indenter
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increases. If a large enough indenter is used, no nanoindentation pop-ins would be ob-
served because the likelihood of activating a dislocation source is high and deformation
would occur at the non-source-limited yield stress.
The second type of indentation size effect is observed in olivine (Fig. 3.3), quartz (Fig.
4.1), halite (Fig. 5.2), and natural faults (Fig. 2.3). This size effect is typically observed
for Berkovich (sharp) indenters, but it is also observed in olivine with spherical indenters
after a pop-in event. This size effect is due to strain gradients and geometrically necessary
dislocations, which create short- and long-range stress fields within the deforming region
(e.g. Nix and Gao, 1998; Pharr, Herbert, and Gao, 2010; Kumamoto et al., 2017). As the
volume of the deforming material decreases, the density of dislocations must increase for
the equivalent amount of strain (a Berkovich tip is self-similar with 8% strain at all inden-
tation depths). This results in a "Taylor hardening" behavior where dislocations strongly
interact with each other, thereby increasing the measured hardness of the material.
In this thesis, two important implications of indentation size effects are shown. First,
for a natural fault surface, where self-affine roughness is created through frictional sliding
and repetitive wear, we show that the scale-dependent strength of natural faults quantita-
tively agrees with predictions inferred from measurements of scale-dependent roughness
(Brodsky, Kirkpatrick, and Candela, 2016; Thom et al., 2017; Chapter 2). Thus, the "steady-
state" roughness exhibited on many faults at small length scales is ultimately a result of
scale-dependent plastic strength of geologic materials. This geometry can be predicted
from the material properties of the fault itself.
The second implication of the size effects shown in this thesis is related to the extrap-
olation of laboratory-derived plastic flow laws for olivine deforming in Earth’s mantle.
The maximum strength of oceanic lithosphere is determined by the competition between
depth-dependent frictional strength at shallower depths and temperature dependent bulk
plastic deformation of olivine deeper in the Earth (e.g. Kohlstedt, Evans, and Mackwell,
1995; Mei et al., 2010). Most experiments to measure olivine plasticity use samples with a
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fine grain size for practical purposes, rather than the mm- to cm-sized grain sizes that ex-
ist in the upper mantle. The identification of an indentation size effect in olivine suggests
that the coarse-grained upper mantle is much weaker than predicted previously. We have
conducted a number of experiments to test this prediction (not presented here). Account-
ing for this size effect brings laboratory predictions into better agreement with geophysical
models of plate tectonics and estimates of peak strength based on plate flexure around vol-
canic islands such as Hawaii (Kumamoto et al., 2017; See Chapter 3 of this dissertation).
6.1.2 Nanoindentation Creep
Room-temperature nanoindentation creep of halite and quartz was extensively studied in
this dissertation. In halite, tests were conducted with hold times of up to 106 seconds,
which identified a change in the dominant deformation mechanism, from plasticity (stress
exponent of ≈ 25) to dislocation creep (stress exponent ≈ 5). Using a theoretical analysis
developed by Bower et al., 1993, we showed that data derived from a nanoindentation
creep test can be directly compared to experiments using more traditional testing geome-
tries. Data from our experiments, when properly treated, agree within 5% of commonly
cited flow laws for halite in the dislocation creep regime (e.g., Wawersik and Zeuch, 1986).
Nanoindentation creep tests on quartz were performed as a function of relative humid-
ity in three different nanoindenters, yielding quantitatively similar data that constrain the
physical mechanism of frictional aging, as described below.
6.1.3 The Physical Origin of Frictional Aging
A long-standing question in geophysics is whether the time-dependent increase in fric-
tion for two surfaces held in quasi-stationary contact, called frictional aging, is due to an
increase in the real area of contact due to creep of asperities ("contact quantity") or due
to an increase in the amount of chemical bonding across the frictional interface ("contact
quality"). Experiments in very low relative humidity conditions have demonstrated that
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frictional aging is suppressed (Dieterich and Conrad, 1984; Frye and Marone, 2002), sug-
gesting that the underlying mechanism of aging depends on water. The commonly ac-
cepted hypothesis is that creep of asperities is enhanced by water and that aging is due to
an increase in contact quantity caused by asperity creep. We have performed creep tests
over a wide range of relative humidity to test this hypothesis. Our experiments show
no effect of humidity on the yield stress or creep or quartz, demonstrating that changes
in contact area alone cannot explain frictional aging. Instead, our results argue for time-
dependent chemical bonding across the interface, or some other mechanism such as slip-
induced strengthening, as the origin of frictional aging. Our experiments help to constrain
the underlying physics of the rate and state friction equation to model earthquake nu-
cleation and recurrence, allowing for more accurate extrapolations from the laboratory to
natural conditions.
6.2 Implications and Future Directions
This dissertation has answered questions concerning the room temperature deformation of
geologic materials and the utility of nanoindentation in geoscience, as well as constrained
important questions concerning the origins of frictional sliding on faults, but a large num-
ber of questions and new avenues of research still remain.
Natural fault surfaces have roughness over a wide range of length scales, as shown in
Chapter 2. A simple estimate of the mean contact pressure acting on asperities was shown
in this dissertation, but a number of future experiments and simulations could improve
on this work. For example, predictions about the size distribution and spatial correlation
of asperities are made by contact mechanics theories, but these have not been tested for
natural fault surfaces. Because these surfaces display remarkably consistent self-affine
roughness over many decades of length scale, they are excellent candidates to test these
predictions and elucidate more information about the underlying physics of friction.
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None of the indentation experiments presented in this dissertation were conducted
with an additional shear load, which will change the stress state and affect the deformation
of the sample beneath the indenter tip. Shear loading would be more representative of the
type of stress felt by asperities on a fault surface, which are inferred to be loaded nearly to
failure, and also of asperities loaded in shear in the slide-hold-slide tests used to measure
frictional aging. These experiments will be possible in the near future with advances in
nanoindentation technology.
Determining whether the shear stress needed to initiate sliding for a single asperity
is scale-dependent is a crucial outstanding question raised by this dissertation. We have
identified an indentation size effect in the plastic deformation of geologic materials loaded
in the normal direction, but this does not necessarily imply that the shear stress needed to
slide is also scale-dependent. If the shear stress per unit of area of contact needed to slide
is constant, the potential for a scale-dependent friction coefficient exists. If there is indeed
a size effect in the shear stress needed to slide, then the friction coefficient for a plastically
deforming asperity may be constant, despite the both deformation and shear resistance
depending on length scale. Both of these results warrant further study.
Finally, potentially the most important future work following on from this dissertation
is the use of high temperature nanoindenters. This technology is currently under develop-
ment, and many of the experiments performed here can be repeated at elevated tempera-
tures to gain valuable data, such as the activation energies for various creep mechanisms,
to understand deformation in geologic materials.
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Chapter 2 Supplemental Information
A version of this appendix was previously published as the supplemental information for
Thom, C.A., Brodsky, E.E., Carpick, R.W., Pharr, G.M., Oliver, W.C., and Goldsby, D.L.
(2017), Nanoscale roughness of natural fault surfaces controlled by scale-dependent yield
strength. Geophysical Research Letters 44 (18), 9299-9307. doi:10.1002/2017GL074663
A.1 Intermittent Contact Mode Atomic Force Microscopy
To measure the topography of the Corona Heights Fault, we used intermittent contact
mode atomic force microscopy (AFM). In intermittent contact mode, the AFM cantilever
is oscillated near its resonant frequency (∼300 kHz) as it is dragged across the sample
surface. A force feedback loop maintains a constant force on the AFM tip by moving the
cantilever vertically (in the z-direction) to mirror the sample topography. Resolution using
this method is sub-nm in the z-direction and approaching the radius of curvature (∼10-
20 nm) of the AFM tip in the x-y directions. We use a cutoff threshold of 60 nm in this
study to avoid the introduction of instrumental artifacts that can occur when attempting
to measure topography of order the tip radius [Jacobs, Junge, and Pastewka, 2017].
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A.2 Nanoindentation Test Protocol
A typical experiment consisted of three parts. First, the load was increased to the target
load of either 200 or 1000 mN for the Yair and Corona Heights Faults, respectively. Second,
the indenter tip was held at peak load for 1 s. Finally, the indenter tip was unloaded to 10%
of the peak load and held for 90 s to measure the thermal drift rate of the tip displacement.
Data were excluded if the thermal drift rate exceeded 0.10 nm/s.
A.3 Continuous Stiffness Method
Traditional nanoindentation techniques determine the contact stiffness from the slope of
the initial portion of the unloading curve and use this value of stiffness to calculate hard-
ness and elastic modulus [Oliver and Pharr, 1992]. In order to measure mechanical prop-
erties as a function of depth, we utilized the continuous stiffness method. In these exper-
iments, a ∼100-Hz sinusoidal oscillation of the indenter force was superimposed on the
nominal load such that the resulting displacement oscillation of the tip was maintained at
a constant value of 5-nm by means of feedback control. The amplitudes of the oscillatory
force and displacement, and the phase lag between them, were then used to determine
the contact stiffness over timescales for which thermal drift is negligible [Li and Bhushan,
2002; Oliver and Pharr, 2004]. From the contact stiffness and total depth of penetration, we
obtain a measurement of the contact depth, allowing us to calculate the projected area of
contact and therefore, the hardness (load divided by projected area of contact).
A.4 Converting Hardness to Yield Stress
To convert indentation hardness to yield stress for a sharp indenter such as the Berkovich,
the geometry of the indenter, the elastic modulus of the material, and the hardness must be
known. The ratio of hardness, H, to yield stress, σ, is the constraint factor, C. For an indent
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accommodated entirely by plastic deformation, C ≈ 3, and for a fully elastic contact just
before yield, C ≈ 1 [Johnson, 1970]. Because of the sharp tip geometry of the Berkovich,
a significant portion of both elastic and plastic deformation occurs. To calculate C in our
experiments, we used of the equation from Evans and Goetze, 1979, a correction of the
original equation by Johnson, 1970:
C =
H
σ
= 0.19 + 1.6 · logES · tan(φ)
σ
(A.1)
Here, Es is the Young’s modulus of the sample determined in the indentation test and φ is
the angle between the indenter and the sample surface (19.7◦ for a Berkovich tip).
A.5 Power Spectral Density
Power spectral density can be a confusing term due to inconsistency in its definition, units,
and usage across various fields [Jacobs, Junge, and Pastewka, 2017]. In Chapter 2, we have
shown the 1-dimensional power spectral density in Figure 2.2 in order to be consistent with
several previous fault roughness studies. The power spectral density calculation involves
three steps. First, the autocorrelation function is determined along 2-dimensional topo-
graphic profiles of our AFM scans. Second, the Fourier power spectrum is determined by
calculating the squares of the coefficients of the Fourier transform. Finally, the power spec-
trum is normalized by the profile length. For an AFM image, this process is repeated for
every line of data. Power spectral density curves shown in Figure 2.2 are the subsequent
averaging of every line of data in an AFM scan.
A.6 Calculation of Root-Mean-Squared Surface Slope
The root-mean-squared (RMS) slope of a surface can be directly calculated from the 2-
dimensional power spectral density, which is the Fourier transform of the autocorrelation
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function along both the x- and y-axis [Persson, 2001; Persson, 2006; Persson, 2014]. If the
surface is isotropic, the 2-dimensional power spectral density, C(q), can be calculated as
C(q) =
1
(2pi)2
∫
d2x < h(x)h(0) > e−iq·x (A.2)
where q is the wavevector, h(x) is the height coordinate of a point in the x-y plane, and
<..> represents ensemble averaging [Persson, 2014]. If the surface is self-affine from a
small wavevector cutoff, q0, to a large wavevector cutoff, q1, then the mean pressure can
be directly related to the RMS slope at the smallest length scale (i.e. corresponding to
wavevector q1). In this case, the power spectral density can be expressed as
C(q) = C0
(
q1
q0
)−2(1+ζ)
(A.3)
where ζ is the Hurst exponent. The RMS slope, <dh/dx>, is determined by
<
dh
dx
>=
(
2pi
∫ q1
q0
dqq3C(q)
)0.5
(A.4)
From Equation A.3 and Equation A.4, Persson, 2014 shows
<
dh
dx
>=
(
piC0
1− ζ q
4
0
[(
q1
q0
)2(1−ζ)
− 1
])0.5
(A.5)
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FIGURE A.1: Histogram of the Hurst exponents for each individual AFM
scan on the Corona Heights Fault.
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FIGURE A.2: Histogram of the best-fit values of the power-law exponent for
all tests on the Corona Heights Fault.
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